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Abstract
Shell-type supernova remnants are discussed to be a main source of the
galactic cosmic rays. Very high energy γ-rays (energies between 30GeV and
30 TeV) from these objects are a tracer for the acceleration of particles. Up
to now, only a limited number of supernova remnants were observed in γ-
rays. This work reports on the observations of γ-rays from the shell-type
supernova remnant RXJ0852.0−4622 carried out with the High Energy
Stereoscopic System in February 2004.
H.E.S.S., a system of four imaging Cherenkov telescopes, is dedicated to
the observation of γ-rays of energies between 100GeV and several tens of
TeV. It is currently the most sensitive instrument in its energy range. A
source of the strength of the Crab Nebula can be detected with a significance
of 5 σ within 6 minutes. The direction of a single γ-ray can be reconstructed
with an angular resolution of better than 0.1◦. The energy of the γ-rays can
be estimated with an accuracy of ≈ 20%.
Emission of γ-rays from RXJ0852.0−4622 was detected with a signifi-
cance of 12 σ within a live time of 3.2h. The morphology of the emission
region is clearly extended and correlated with the morphology of the X-ray
emission. A differential energy spectrum of the photon flux between 0.5 and
10 TeV was reconstructed. It is found to follow a power law dN/dE ∝ E−Γ
with a spectral index of Γ = 2.1 ± 0.1stat ± 0.2syst. The integral pho-
ton flux above 1 TeV from the entire remnant is (1.9 ± 0.3stat ± 0.4syst) ×
10−11 cm−2s−1 which is at the level of the Crab flux at these energies, es-
tablishing RXJ0852.0−4622 as one of the brightest γ-ray sources in the sky.
RXJ0852.0−4622 is the second supernova remnant of which an extended
γ-ray morphology could be proved.
The emission of γ-rays from shell-type supernova remnants can be ex-
plained as being produced by accelerated electrons or protons. The ob-
served energy flux in γ-rays between 0.5 and 10TeV is calculated to be
(9 ± 1stat ± 2syst) × 10−11 erg cm−2 s−1. Based on the energy flux in X-rays
the expected energy flux due to inverse Compton scattering of relativistic
electrons on the cosmic microwave background is estimated. It is found to
be several orders of magnitude lower than the observed flux, suggesting that
another radiation component significantly contributes to the γ-ray emission
of RXJ0852.0−4622.
In strong interactions of relativistic protons with the ambient interstel-
lar material neutral pions are produced. The decay of these pions produce
γ-rays. The distance to RXJ0852.0−4622 and the density of the ambient
interstellar material are open parameters in the interpretation. It is shown
for a wide range of these parameters that the transfer of several percent of
the kinetic energy of the supernova remnant (∼ 1051 erg) to the acceleration
of protons could explain the observed energy flux in γ-rays. Thus, it is likely
that RXJ0852.0−4622 contributes to the acceleration of galactic cosmic rays.
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Zusammenfassung
Es wird angenommen, dass schalenartige Supernova-Reste wesentliche Quel-
len der galaktischen kosmischen Strahlung sind. Die Beschleunigung von Teil-
chen in diesen Objekten kann mit hochenergetischer γ-Strahlung (Energien
zwischen 30GeV und 30 TeV) nachgewiesen werden. In dieser Arbeit wird
die Beobachtung von γ-Strahlung des schalenartigen Supernova-Restes RX
J0852.0−4622 beschrieben. Diese Beobachtungen wurden im Februar 2004
mit dem High Energy Stereoscopic System durchgeführt.
H.E.S.S., ein System von vier abbildenden Cherenkov Teleskopen, kann
γ-Strahlung im Bereich zwischen 100 GeV und einigen 10TeV nachweisen.
Zur Zeit ist H.E.S.S. das leistungsfähigste Instrument in seinem Energiebe-
reich. Eine Quelle in der Stärke des Krebsnebels kann mit einer Signifikanz
von 5 σ innerhalb von 6 Minuten nachgewiesen werden. Die Richtung eines
einzelnen Photons der γ-Strahlung wird mit einer Winkelauflösung unter 0.1◦
rekonstruiert. Die Energie dieser Photonen wird mit einer Genauigkeit von
etwa 20% bestimmt.
Die Emission von γ-Strahlung von RX J0852.0−4622 wurde mit einer
Signifikanz von 12 σ bei einer Belichtungszeit von 3.2h nachgewiesen. Die
Morphologie der Emissionsregion ist ausgedehnt und korreliert mit der Mor-
phologie der Röntgenstrahlung. Ein differenzielles Energiespektrum des Pho-
tonenflusses wurde im Bereich zwischen 0.5 und 10TeV rekonstruiert. Das
Spektrum folgt einem Potenzgesetz dN/dE ∝ E−Γ mit Γ = 2.1 ± 0.1stat ±
0.2syst. Der integrierte Photonenfluss oberhalb von 1TeV ist (1.9 ± 0.3stat ±
0.4syst) × 10−11 cm−2s−1, auf dem Niveau des Flusses des Krebsnebels. RX
J0852.0−4622 ist daher eine der hellsten γ-Strahlungsquellen am Himmel und
der zweite Supernova-Rest dessen ausgedehnte γ-Strahlungsemission nachge-
wiesen werden konnte.
γ-Strahlung kann in Supernova-Resten durch inverse Compton-Streuung
von relativistischen Elektronen oder durch starke Wechselwirkungen von Pro-
tonen mit dem interstellaren Material erklärt werden. Mit Hilfe von Röntgen-
messungen wurde der erwartete Energiefluss von inverser Compton-Streuung
an der kosmischen Mikrowellenstrahlung abgeschätzt. Diese ist um einige
Größenordnungen kleiner als der beobachtete Wert von (9 ± 1stat ± 2syst) ×
10−11 erg cm−2 s−1. Daher ist es wahrscheinlich, dass eine weitere Strahlungs-
komponente einen signifikanten Anteil an der γ-Strahlungsemission von RX
J0852.0−4622 hat. Offene Parameter in der Interpretation als Strahlung aus
Proton-Wechselwirkungen sind die Entfernung zu RXJ0852.0−4622 sowie
die Dichte des interstellaren Materials. In einem weiten Bereich dieser Pa-
rameter ist der Transfer von einigen Prozent der kinetischen Energie des
Supernova-Restes (∼ 1051 erg) in die Protonenbeschleunigung notwendig, um
den beobachteten Energiefluss zu erklären. Daher ist es wahrscheinlich, dass
RXJ0852.0−4622 zur galaktischen kosmischen Strahlung beiträgt.
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“The people of Krikkit ... are surrounded by a huge Dust Cloud,... , their
single sun with its single world... Because of the Dust Cloud there has never
been anything to see in the sky. At night it is totally blank. ... They are
hardly aware of the sky. It’s as if they had a blind spot that extend 180
degrees from horizon to horizon.”
(Douglas Adams, in “Life, the Universe and Everything”)
Introduction
If we step outside during a clear night we will see that the sky is scattered
with points glowing in all colours and sizes — the stars. Surely, already
in ancient times people must have seen this spectacular view. The sky was
thought to be the heaven, a place other than Earth and inhabited by gods
and other mythological figures. Still today, many constellations of stars are
named after gods, demigods and legendary figures and things.
Early civilisations started to observe the movement of the celestial bodies
across the sky. The first outcomes of these studies were calendars predicting
the start of the seasons. For instance, the Egyptians used the star Sirius to
predict the annual flooding of the Nile river and the beginning of the seeding
time. Far-east astronomers observed “guest stars” brighter than any other
star but appearing only for a few months. Today, some people believe that
ancient artefacts, like the Sky Disc of Nebra, the Stone Henge in Cornwall,
or the lines scratched into the desert near Nazca are the tools of ancient
astronomy.
The periodicity of the movement of the celestial bodies across the sky
let Aristotle and Ptolemy conclude, that these bodies are located on spheres
circling the Earth. In the middle of the last millennium, Nicolaus Copernicus
refined this theory putting the Sun into the centre of the Universe. In his
world picture, the Sun is circled by the Earth, the Moon and the planets,
surrounded by a sphere of stars. Galileo Galilei used one of the first optical
telescopes for observing the sky. This marked a step forward for astronomical
observations. Galilei discovered moons orbiting the planet Jupiter. These
moons, still named Galilean satellites, are the first discovered objects which
cannot be seen by the naked eye. The development of optical systems in
the recent centuries led to the discovery of many different types of celestial
objects, beside the stars there are nebulae and dust, arising and dying stars,
and even huge formations of stars — galaxies like our own Milky Way. With
the possibility to measure the distances to these objects it turned out that
these objects are very far away. The light from the most distant objects
needs billions of years to reach the Earth. In today’s view of the world, the
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Universe might be infinitely large, has no centre, and our Sun is just one star
out of myriads of others.
At the beginning of the last century it turned out that the visible light
is just one small part of the entire electromagnetic spectrum. Telescopes
were designed to extend the astronomic view and now the sky is observed
in almost the entire spectrum. At the lowest energies the cosmic microwave
background was detected, the remaining thermal radiation from one of the
earliest epochs of the Universe. Radio observations led to the discovery of
new types of objects, like pulsars — giant nuclei of neutrons. In infrared
light, dust can be observed which forms discs around stars being the birth
places of new planets. Objects of very high temperatures show up in X-rays.
The “guest stars” observed by the far-east astronomers were explosions of old
stars. The remnants of these explosions can be seen in X-rays. The light
of very violent processes, which cannot be explained as being radiation of
hot material, can be seen in high energy X-rays and γ-rays. At the highest
currently observable energies the γ-rays are very sparse. Thus, large detectors
are needed to observe this radiation. Astronomy at these energies developed
in the recent twenty years. H.E.S.S., a system of four telescopes, uses a part
of the upper atmosphere as detector volume to observe the sky at highest
energies. It is currently the most sensitive instrument in its energy range, and
it is dedicated to the studies of the most powerful objects in the Universe.
The cosmic rays, high energy ions hitting the Earth, are another evidence
for the existence of violent processes in the Universe. Cosmic rays were
discovered in 1912 and are extensively studied since then. Their origin is
still unknown, among others the remnants of exploded stars — supernova
remnants — are discussed to be sources of the cosmic rays.
The observations of γ-rays from supernova remnants can provide inside
into the acceleration processes and could provide evidence for the production
of cosmic rays. One such supernova remnants, RXJ0852.0−4622, can be
found in the southern sky in the constellation of Vela — the sails of the
legendary ship Argo. In this work, the observations of RXJ0852.0−4622
with H.E.S.S. will be laid out and the result will be discussed in terms of
acceleration of cosmic rays.
About this Book
This work is organised as follows. The cosmic rays will be introduced shortly
in chapter 1. A summary of previous observations at other wavelengths of the
supernova remnant RXJ0852.0−4622 is given in chapter 2. At the beginning
of chapter 3, supernovae as the end stage of massive stars and the following
evolution of their remnants are discussed. This is followed by the explanation
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of how particles can be accelerated in the shells of the supernova remnants.
Different mechanisms lead to the production of γ-rays. These mechanisms
will be explained and some estimations of the energy flux are made. The
chapter concludes with the presentation of some useful relations which will
be used in the analysis of the observed data. Cosmic γ-rays can be detected
with H.E.S.S. The H.E.S.S. experiment is introduced in chapter 4 followed
by a discussion of its performance using data of a standard candle. The
observation of RXJ0852.0−4622 and the analysis of the data is described
in chapter 5. This chapter concludes with a summary of the observational
results and a comparison with previous γ-ray observations. Finally, in chap-
ter 6 the results are interpreted with respect to the acceleration of particles
and the possibility of cosmic ray production. This chapter concludes with a













Figure 1: The supernova remnant RX J0852.0−4622 in γ-rays. The





The Earth is exposed to ionising radiation from space. This radiation was
discovered by Viktor Franz Hess during balloon flights in 1912 [Hes12]. He
observed that electrometers discharge faster at higher altitudes. From his
observations he drew the conclusion that this discharge is not provoked by
radioactivity of elements at Earth but rather by radiation which enters the
atmosphere from above.
Later experiments showed that the cosmic rays are composed mainly
(98%) of nuclei and to a small amount (2%) of electrons [see e.g. KZ97].
The nucleonic component consists of ≈ 87% of protons, ≈ 12% of helium
nuclei and ≈ 1% of heavier nuclei.
1.1 Energy Spectrum
The energy spectrum of the cosmic rays is shown in Fig. 1.1. It extends over
almost 13 decades in energy and the flux decreases from ≈ 104 (m2sr s GeV)−1
at 108 eV down to ≈ 10−28 (m2sr s GeV)−1 at almost 1021 eV.
The spectrum can be divided into three different parts. The low energy
part is affected by solar modulation. In this range, variations with the solar
activity have been observed. In the region between 1010 and 1015 eV the flux
follows a power law with a spectral index of ≈ 2.7. At an energy of 1015 eV
the spectrum steepens. This region is called the “knee”. Beyond the knee
the spectrum has a spectral index of ≈ 3. Around ≈ 1018 eV the spectrum
becomes flatter. This region is called the “ankle”.
At around 1021 eV a cut-off of the cosmic ray spectrum is expected. This





















































Figure 1.1: The Spectrum of Cosmic Rays. The compilation was made
by (author?) [Swo97]. The individual measurements were made with the
LEAP balloon experiment [SOS+91], the Proton satellite [Gri71], and the air
shower arrays Yakutsk [Afa96], Haverah Park [LRW91], Akeno [NHH+84,
NTM+92] and Fly’s Eye [BCD+94].
6
1.2 Origin of the Cosmic Rays
The fact that the energy spectrum of the cosmic rays follows a power law over
many decades of energy rules out that the particles originate from thermal
processes. These particles must have been accelerated in cosmic accelerators
to high energies, partially to energies which cannot be reached on Earth.
Up to now, the origin of the cosmic rays is unknown. Among others,
candidates for cosmic accelerators are supernova remnants and pulsars as
galactic sources and the jets of active galactic nuclei as extra-galactic sources.
The cosmic rays of energies up to the knee are thought to be mainly of
galactic origin. The gyro-radius rg of a high energy nucleus with atomic












Particles with energies up to the knee are likely of galactic origin. A proton
at the knee in the interstellar magnetic field (B ≈ 3 µG) has a gyro-radius of
0.3 parsec (1 pc = 3 × 1013 km). Thus, the magnetic field can easily confine
the particle within the galaxy, which is roughly a disk with a radius of 15 kpc
and a height of 300 pc.
At particle energies above 1015 eV the gyro-radius exceeds several parsecs
and thus becomes larger than the size of galactic objects which are discussed
to be cosmic accelerators. The steepening beyond the knee is discussed to
represent the transition from galactic to extragalactic sources. Particles at
high energies leave the galaxy more easily than low energy particles.
Particles at energies around 1019 eV are likely of extragalactic origin.
Their gyro-radius in the interstellar magnetic field exceeds the radius of
the galaxy and thus the magnetic field cannot confine these particles in the
galaxy.
At around 1020 eV the protons have enough energy to interact with the
photons of the cosmic microwave background:
p + γ → ∆+ → p + π0
p + γ → ∆+ → n + π+.
In these processes the protons lose energy due to pion production, and there-
fore no particles with higher energies are expected to be observed. This is
called Greisen-Zatsepin-Kuzmin (GZK) cut-off [Gre66]. This region of the
spectrum is currently controversially discussed. Recent measurements sug-
gest the existence of a cut-off while other experiments report observations of
particles with energies beyond the cut-off. It should be noted that the recent
measurements are not shown in Fig. 1.1.
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1.3 Supernova Remnants as Source of Cosmic
Rays
Based on simple energetic considerations, (author?) [GS64] suggested that
supernova explosions are the sources of galactic cosmic rays. From the mea-
sured flux spectrum, which is shown in Fig. 1.1, the energy density of the
cosmic rays can be calculated. It is found to be εCR ≈ 1 eV cm−3 [WW89] or
1.6 × 10−12 erg cm−3. If one approximates the volume V of the galaxy as a
cylinder with a radius of 15 kpc and a height of 300 pc one can calculate the




≈ 3× 1040 erg s−1.
The time τesc ≈ 107 y is the mean escape time of the particles from the galaxy
[see e.g. Gai90, chap. 9].
On the other hand, within our galaxy supernova explosions occur approx-
imately every 30 years. Each supernova provides ∼ 1051 erg of kinetic energy.




∼ 1042 erg s−1.
It can immediately be seen that if supernovae would transfer a fraction
of several percent to the acceleration of protons and nuclei they could deliver





One of the supernova remnants (SNRs) which could be a source of the galactic
cosmic rays is RXJ0852.0−46221 which was discovered in X-rays in 1998.
In this chapter the detection of RXJ0852.0−4622 and previous studies are
presented.
2.1 Detection
RXJ0852.0−4622 was discovered by (author?) [Asc98] in an All-Sky Survey
carried out with the ROSAT X-ray satellite. The left panel of Fig. 2.1 shows
a sky map of X-rays with energies between 0.1 and 2.4 keV from the Vela
region of the sky. Emission of the old Vela supernova remnant can be seen
clearly. The energy spectrum of the X-ray emission is dominated by thermal
black-body radiation and is therefore interpreted as the emission of a hot
plasma.
The right panel of Fig. 2.1 shows the same field of view but with ener-
gies restricted to above 1.3 keV. Most of the thermal radiation of the Vela
SNR is suppressed. The non-thermal emission of the Vela pulsar can be
seen at the centre of the picture. South-east of the pulsar (in the lower left
corner) (author?) [Asc98] discovered a previously unknown supernova rem-
nant. The emission is centred on (RA 8h52m3s, Dec −46◦22′)2, and therefore
this supernova remnant was accordingly named RXJ0852.0−4622.
1RXJ0852.0−4622 is also known as G266.2−1.2 or “Vela Junior”.
2All coordinates in this work are given in right ascension (RA) and declination (Dec)
of epoch 2000. As the celestial sphere is viewed from inside, the right ascension counts
from right to left and east is at the left hand side of the sky maps.
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Figure 2.1: ROSAT all-sky survey images of the Vela SNR. The
pictures show the Vela SNR as seen in X-rays by the ROSAT satellite. The
left panel shows the X-ray emission in the energy range from 0.1 to 2.4 keV,
the right panel X-rays with energies above 1.3 keV. The images were taken
from [Asc98].
2.2 Morphology
The right panel of Fig. 2.2 shows a zoomed in map of the ROSAT data as
obtained from the ROSAT data base [ROS05]. The data show a ring-like
shell structure with an apparent diameter of 2◦. Following the detection
of RXJ0852.0−4622 in X-rays it was target of radio observations and faint
radio emission of the shell was detected [CRB99, DG00].
Further detailed X-ray studies of the remnant were carried out with the
ASCA satellite [SHE+01]. The ASCA data is shown in the left panel of
Fig. 2.2. It should be noted that the ASCA observations did not cover the
entire field of view. Strong emission can be seen from the northern, north-
western and western parts of the shell whereof the north-western part is the
brightest. In the centre of the ASCA data emission from the point-like source
AXJ0851.9−4617.4 can be seen.
The bright north-western region was target of detailed high-resolution ob-
servations in X-rays with the XMM-Newton [IAB+05] and Chandra [BYH05]
satellites. The picture obtained with XMM-Newton is shown in Fig. 2.3.
A very bright filamentary structure defines the north-western boundary of
the shell. Further inside a faint filament can be seen which seems to join
the other structure at the north-eastern end. The Chandra data is shown
in Fig. 2.4 confirming the detection of the two filaments. From the width
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Figure 2.2: X-ray images of RX J0852.0−4622. Left panel: ASCA
observations [SHE+01]. Note that the southern part is not completely covered
by these observations. The energy range is 0.7-10 keV. Right panel: Data of
the ROSAT All-Sky Survey with energies above 1.3 keV.
Figure 2.3: XMM-Newton image
of the NW rim. The picture shows
the north-western part of the shell in
energies between 0.2 keV and 10 keV
[IAB+05].
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Figure 2.4: Chandra image of
the NW rim. The picture shows the
filamentary structure in the north-
western part of the rim in energies be-
tween 0.5 keV and 2.0 keV [BYH05].
of these filaments (author?) [BYH05] derive a magnetic field in the shell of
about 500 µG (1G = 10−4 T) .
2.3 Age of the SNR and its Distance to Earth
Observations with the COMPTEL telescope aboard the Compton Gamma
Ray Observatory (CGRO) revealed 44Ti decay lines [ISB+98]. The titanium
isotope 44Ti is expected to be produced in supernovae. The relatively short
live time of 44Ti of about 90 years [NBC+97] indicates that RXJ0852.0−4622
is relatively young. The young age and the apparent large extension of the
shell suggests that it is nearby. From the diameter as seen in X-rays, the
measured 44Ti flux and an assumed expansion velocity of ≈ 5000 km s−1
(author?) [ISB+98] estimate the age and distance to be ≈ 680 years and
≈200pc, respectively. This was confirmed later by (author?) [AIS99] who
calculate the error on the age to be 100 years and set upper limits of 1100 years
on the age and 500 pc on the distance.
In the north-western part of the shell an overabundance of calcium was
detected [TMA+00]. Arguing that the Ca is produced as decay product of the
44Ti produced in the supernova explosion, (author?) [TMA+00] calculate an
age between 630 and 970 years independent of the measurement of the 44Ti
line emission. Recent measurements with the Chandra satellite suggest an
age of 660+740−240 years and a distance of 330
+170
−70 pc [BYH05].
An independent and debatable estimate of the age was made using drilled
antarctic ice cores. Ionising radiation of supernova explosions can produce
nitrate when it impinges on the atmosphere. (author?) [RSZP79] identified
three nitrate spikes in ice cores drilled at the South Pole station with re-
cent supernova explosions. A fourth, unassigned nitrate spike was attributed
by (author?) [BZ00] to the supernova explosion of RXJ0852.0−4622 con-
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cluding an age of 700 years. (author?) [GS04] discuss recent works on the
correlation of supernova explosions and nitrate abundances in ice cores con-
cluding that their is no significant correlation.
All these measurements imply that RXJ0852.0−4622 is one of the clos-
est supernovae in recent human history and should have been observed by
contemporaries. No historical records describing such an event were found
[AIS99]. (author?) [AIS99] argue that assuming a sub-luminous supernova
explosion (examples for sub-luminous supernovae are Cas A and SN1181) the
supernova would not have been bright enough to be visible during daylight.
The supernova might have been missed if it occurred during the season when
it is not visible during night. Additionally, the historical records [HH62]
are not complete, (author?) [AIS99] identified three gaps whereof two are
relevant for RXJ0852.0−4622.
On the other hand, much larger distances are discussed which would
explain the absence of historical records. Based on the relatively large ab-
sorption column in X-ray data, (author?) [SHE+01] estimate the distance
to RXJ0852.0−4622 to be 1–2 kpc which would place RXJ0852.0−4622 near
the Vela Molecular Ridge, a cloud of molecular hydrogen.
No final conclusion on the distance to RXJ0852.0−4622 can be drawn
yet. The distance is a crucial ingredient in the interpretation of the γ-ray
data from RXJ0852.0−4622 and distances of ≈ 200 pc up to several kpc have
to be considered.
2.4 Source of the X-ray Emission
The differential energy spectrum of the X-ray emission of RXJ0852.0−4622
is described by a power law [Asc98, SHE+01, IAB+05, BYH05]. Thus, it
cannot be thermal emission of a hot plasma. The emission can be interpreted
as being synchrotron emission of high energy electrons. Radio emission of
RXJ0852.0−4622 is also discussed to be synchrotron radiation [CRB99].
Based on these measurements RXJ0852.0−4622 can be regarded as an
accelerator of electrons. The mechanism of accelerating charged particles in
the shell of a supernova remnant and the sub-sequent synchrotron radiation
will be explained in the next chapter.
2.5 Gamma-Ray Observations
Radiation of γ-rays of energies above 500GeV coincident with the bright X-
ray emission region in the north-western part of the shell was detected by
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the CANGAROO collaboration [KEK+05]. The differential energy spectrum
is relatively soft. The emission can be described as being inverse Compton
radiation of electrons and positrons with an additional component of γ-rays
from π0-decays [KEK+05].
The observation of RXJ0852.0−4622 in γ-rays with the H.E.S.S. tele-
scopes [AAB+05a] will be discussed in detail in this work.
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Chapter 3
Gamma Rays from Supernova
Remnants
Supernova remnants are the leftovers of old exploded stars. In this chapter,
the final stages of stars leading to supernova explosions are described. The
remaining shells of this explosion expand into the interstellar medium. This
expansion leads to the formation of shock fronts which are able to accelerate
charged particles to high energies. The main emphasis is put on the produc-
tion of very high energy photons which enable us to image these cosmic ray
accelerators.
3.1 Supernova Explosions
Stars like our Sun initially produce energy in form of heat and radiation by
fusing hydrogen to helium. The radiation pressure resists the gravitational
force and prevents the star from collapsing. After about 107 years almost all
of the hydrogen is fused. The radiation cannot resist the gravitational force
anymore, and the star starts to contract. The contraction results in a rise
of the temperature until the fusion of helium to carbon, oxygen and neon is
initiated. This second step of fusion lasts about 105 years. Depending on the
mass of the star, the fusion of heavier elements can be initiated in further
contraction steps. Stars with masses of more than approximately 8 solar
masses (M ≈ 2 × 1030 kg) can burn their material up to the most stable
element — iron. The last fusion steps are much shorter than the hydrogen
and helium burning, the fusion of silicon to iron happens within a couple of
days.
These massive stars in their late phase have an iron core. The core is
surrounded by several shells. In the innermost shell silicon is fused to iron,
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in the next shell oxygen is fused to silicon and so on. In the outermost
shell hydrogen is fused to helium like in the first stage of the star. As no
energy can be gained from the fusion of iron, the stability of the core is kept
up by the degeneracy pressure of the electrons rather than radiation. More
and more iron falls onto the core until the Chandrasekhar mass limit, at
which the electron degeneracy cannot resist the gravitational force anymore,
is reached and the core collapses. The density and temperature rise, and
protons and electrons produce neutrons and neutrinos via the inverse β-
decay, p + e− → n + νe.
The contraction goes on until the density in the core reaches nuclear
densities, and the neutrons form a giant nucleus. The degeneracy of the
neutrons now resists the gravitational force. Within a fraction of a second,
the core forms a stable and compact object. This stiffening of the core results
in a shock through the infalling outer layers of the star, and the outer layers
are ejected. An energy of ∼ 1053 erg (1 erg = 10−7 J) is liberated in this
explosion, and only a fraction of 1% is transformed into the kinetic energy
of the ejected material. The rest of the energy is released as kinetic energy
of the neutrinos. The ejected mass is heated, and heavier nuclei beyond iron
can be produced in a process called explosive nucleosynthesis.
The neutron core remains as a neutron star if the neutron degeneracy
can resist the gravitational force. Otherwise, the core further collapses into
a singularity — a black hole.
Details of the end stage of massive stars and supernova explosions can be
found in [KZ97, chap. 13.1] and [Lon94, chap. 15]. Detailed calculations of
the different steps are laid out in [Pad01, chap. 4].
Supernovae of the described type are core collapse supernovae or type
II supernovae. There is another important type of supernovae which occurs
when a white dwarf accretes matter from a companion star. White dwarfs
are stars consisting mainly of oxygen and carbon, and these stars have not
sufficient mass to fuse these elements. The electron degeneracy resists the
gravitational force and keeps up the stability of the star. Due to the accretion
of matter from its companion, the mass of the white dwarf rises until it
reaches the Chandrasekhar limit for white dwarfs, Mch ≈ 1.46M . The white
dwarf collapses until the carbon burning is initiated. The star explodes and
energy of ∼ 1051 erg is released which mostly goes into the kinetic energy of
the supernova remnant. The star is disrupted completely and no compact
remnant is left. These supernovae are of type Ia. A short description of this
process can be found in [Lon94, chap. 16.5.2] and [Pad01, chap. 7.8.2].
Even though these two types of supernovae are fairly different, there are
some similarities between them. In both processes a stellar explosion ejects
material into the interstellar space with a kinetic energy in the order of
16
Figure 3.1: Evolution of a supernova remnant. The picture shows the
evolution of the radius of the shell as function of the time after the supernova
explosion for the four different phases. The plot is taken from [Pad01].
1051 erg. The material is ejected in all directions and in most cases it forms
an expanding shell. These objects are called shell-type supernova remnants.
In some cases the supernova remnant is filled with and powered by the outflow
of a pulsar, a fast spinning neutron star. These supernova remnants, called
plerions, show up as synchrotron nebulae. Further on, there are composite
remnants, a composition of the latter two. In this work, only shell-type
supernova remnants are important.
3.2 Evolution of Shell-Type Supernova Rem-
nants
After the explosion of the star, the material of its outer layers is ejected and
expands into the surrounding interstellar medium. A short description of
the evolution of the remnant can be found in (author?) [Lon94, sec. 19.4];
detailed calculations are laid out in [Pad01, chap. 4.9]. The expansion of
the remnant can be divided into four phases. The evolution of the radius of
the shell with the time after the supernova explosion is shown for these four
different phases in Fig. 3.1.
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From the kinetic energy of the supernova (Ekin ∼ 1051 erg) and the ejected

















In the first phase the remnant expands undecelerated, and this phase is hence
called free expansion phase. The radius of the shell rises proportional with
time, r ∝ t. The velocity is much higher than the speed of sound in the
interstellar medium (≈ 10 − 100 km s−1) 1. The supersonic movement of
the ejected material into the interstellar medium leads to the formation of a
shock front. This shock front travels through the interstellar material. The
formation and the properties of a shock front are discussed in section 3.3.
This phase ends when the mass Mswept−up of the swept up material be-
comes equal to the ejected mass, which happens at a radius of the remnant
rf defined by






where ρISM is the mass density of the interstellar material. Thus, the radius




































This is the so-called Sedov solution for strong explosions [see Pad00, sec. 8.12],
and this phase is called Sedov phase. The outer layers of the ejected material
slow down first and the following material catches up. Thus, the density in
1It should be noted that the magnetic field must be taken into account. In case of a
magnetically dominated plasma, perturbations travel at the Alfvén velocity. The speed of






gas at restswept−up material
Figure 3.2: Supersonic piston. The piston with the supersonic velocity U
creates a shock front. The shock front propagates ahead of the piston with
a velocity vs > U .
the outer layer increases. When the flow of material into the outer layers
becomes supersonic a shock front forms on the inner edge of the compressed
outer layers. This shock front heats up strongly the outer layers. This phase
lasts approximately 104 years and the remnant reaches a radius of roughly
20 pc.
The first two phases are important for this work as a strong shock front
travels through the interstellar material. The turbulent motion of the plasma
near the shell creates a turbulent magnetic field. This field can reflect charged
particles and confine them near the shock front. In the next sections will be
shown how these particles can be accelerated.
The remnant further expands and cools down. The third phase begins
when the temperature drops below 106 K. Heavy ions in the remnant, mainly
carbon, nitrogen and oxygen, capture electrons and cool down by radiating
photons. This radiative cooling dominates the energy loss of the remnant in
this phase, and the phase is thus called radiative phase or snow plough phase
because the shell piles up interstellar material like a snow plough.
Finally, after approximately 105 years, the speed of the shell becomes
subsonic. The material of the remnant merges with the interstellar material
and the supernova remnant loses its identity.
3.3 Shock Fronts
The ejected material of the supernova remnant expands supersonically into
the interstellar material and sweeps up the ambient material. Between the
swept-up material and the interstellar gas forms a shock front.
A very simple model illustrating a basic shock front is the supersonic


















supersonic swept−up mass stationary ambient gas
s
= |v |s
Figure 3.3: Illustration of a shock front. The left panel shows the
system in the reference frame of the ambient gas. The shock front travels
with a velocity vs. The right panel shows the same situation in the reference
frame of the moving shock.
stationary gas. The material in front of the piston is swept up. The velocity
of the piston and the swept-up material is higher than the speed of sound cs
in the ambient medium, U > cs. Perturbations in gases move at the speed
of sound, therefore the stationary gas has no information of the approaching
disturbance. The swept-up material and the ambient gas which is at rest are
divided by a discontinuity — the shock wave or shock front. More and more
material passes through the shock front and is swept up. Thus, the shock
front has to propagate with a velocity vs which is faster than U .
Now, the basic properties of a shock wave are worked out. These cal-
culations follow the explanations of (author?) [Lon92, section 10.6.1]. The
ambient gas in front of the shock is at rest, having a pressure p1, a mass
density ρ1 and a temperature T1. Behind the shock wave is the swept-up
material with pressure, mass density and temperature p2, ρ2 and T2, respec-
tively. This is illustrated in the left panel of Fig. 3.3. It is convenient to
make all calculations in the reference frame of the moving shock front. This
is shown in the right panel of Fig. 3.3. The shock is at rest, and it is ap-
proached by the ambient gas with a velocity of v1 = |vs|. The ambient gas
passes the shock front and is swept-up, and it departs the shock front with
a velocity v2.
Some useful equations can be derived from conservation laws of the mate-
rial passing the shock front. First of all, the mass passing through the front
is conserved and a mass flux per unit area j can be defined:
j = ρ1v1 = ρ2v2. (3.1)
The energy flux passing through the shock front is also conserved. For plane
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The enthalpy w of the gas considers the work which is done on the gas as
it passes through the shock front. For a perfect gas the enthalpy is w =
κpV/(κ− 1) where κ is the adiabatic coefficient and V = ρ−1 is the specific
volume. Finally, the momentum flux through the shock front is conserved.
For a plane and perpendicular shock this can be written as
p1 + ρ1v
2
1 = p2 + ρ2v
2
2. (3.3)
The equations (3.1), (3.2) and (3.3) are the shock conditions.





From equation (3.4) and the conservation of mass (eq. 3.1) the velocity dif-
ference can be calculated as
v1 − v2 =
√
(p2 − p1)(V1 − V2).
Using the conservation of the energy flux (eq. 3.2) and the equation for the




p1(κ + 1) + p2(κ− 1)
p1(κ− 1) + p2(κ + 1)
. (3.5)
Now, V2 in equation (3.4) can be eliminated and the velocity in front of the





[(κ− 1)p1 + (κ + 1)p2] . (3.6)










Using the perfect gas law, p1V1/T1 = p2V2/T2, the ratio of the temperatures







p2 [p1(κ + 1) + p2(κ− 1)]
p1 [p1(κ− 1) + p2(κ− 1)]
.
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It is convenient to write the velocity v1 of the gas ahead of the shock front
in units of the speed of sound in the medium, which is c1 =
√
κp1/ρ1:
M1 = v1/c1. (3.7)











[(κ− 1)p1 + (κ + 1)p2] .
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κ− 1 + 2/M21
.
Assuming very strong shocks, M1  1, the equations for the temperature













The interstellar material consist mainly of atomic hydrogen. There-
fore the ambient gas can be assumed to have the adiabatic coefficient of

















are obtained. It can be seen from equations (3.9) and (3.10) that the material,
which passes through the shock front, is heated and compressed. The heating








Figure 3.4: Shock acceleration. A particle of velocity v ≈ c and energy
E ≈ pc is located in the gas at rest. It crosses the shock front into the flowing
gas with velocity 3/4vs and gains a Lorentz boost.
velocity of the shock front. The difference v1 − v2 between the velocities of
the gas in front and behind the shock front is U , the velocity of the piston.
From equation (3.8) follows that the velocity of the shock front is simply




Interestingly, the velocity of the shock front depends only on the velocity of
the piston and not on any parameter of the material, like temperature or
density.
3.4 Particle Acceleration in Shock Fronts
Besides the heating and compressing of the ambient material, the shock front
can also accelerate particles. Based on the characteristics of the shock front,
it can be shown that the energy spectrum of the accelerated particles follow
a power law with a fixed power law index. These calculations are presented
in this section, following the work presented in (author?) [Lon94, sec. 21.4].
From equations (3.8) and (3.11) can be seen that the difference between
the plasma velocities ahead and behind the shock front is 3/4 of the velocity
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A particle in the ambient gas can cross the shock front, and it enters the
shocked material behind the shock front. The shocked material travels at
the velocity 3/4vs. This is illustrated in Fig. 3.4. In its rest frame, the
ambient gas is approached by the shocked gas with the velocity 3/4vs. When
a particle crosses the shock front it gains a Lorentz boost with the velocity
3/4vs. A particle in the shocked gas can also pass the shock front into the
unshocked gas. In the rest frame of the shocked gas the ambient gas appears
to be approaching the shocked gas with the same velocity 3/4vs and the
particle again gains a Lorentz boost. A particle gains the same Lorentz
boost in both directions of crossing the shock front.
Now the energy gain of a particle in one shock front crossing will be
worked out. The particle is assumed to have a velocity near the speed of
light, v ≈ c, and an energy E ≈ pc. It crosses the shock front at an angle θ
(see Fig.3.4). The particle’s energy in the rest frame at the other side of the
shock front is




where p|| = p cos θ is the component of the momentum parallel to the move-
ment of the shock front. The difference of the velocities ahead and behind
the shock is non-relativistic , β = 3/4vs  1, and thus γ = 1/
√
1− β2 ≈ 1.
The energy gain is then simply
∆E = E ′ − E = 3
4
vsp cos θ.
Obviously, the energy gain depends on the crossing angle θ. As the parti-
cles are isotropically distributed, they can cross the shock front at any angle.





∆E(cos θ)P (cos θ)d cos θ.
Here, P (cos θ) is the probability that a particle crosses the shock front at
an angle θ. The crossing probability depends on the rate of the particles
hitting the shock front. The rate is proportional to the velocity parallel to
the movement of the shock, P (cos θ) ∝ c cos θ, and depends on the angular
distribution. The particles are isotropic in the angle θ and thus the angle
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distribution is constant in dcos θ. Finally, the crossing probability P (cos θ) ∝
c cos θ has to be normalised to 1:
1∫
0
P (θ)d cos θ
!
=
1 → P (θ) = 2 cos θ.
















At either side of the shock the particle is scattered and the velocity distribu-
tion becomes isotropic. The particle can again cross the shock front. Within
one reflection, i.e. the particle crosses the shock front back and forth, the








The energy gain is in the first order of vs.
Now the energy spectrum of the accelerated particles will be calculated.











ξ = 1 + vs/c. (3.13)
The gas behind the shock moves away from the shock with a velocity






where n is the particle density and A the area through which the particles
are lost. The rate at which the particles cross through an area A of the the
































From N0 particles, which are initially located in the volume around the shock
front, Nk particles remain there after k crossings,
Nk = N0P
k. (3.15)













With equations (3.13) and (3.14) and the approximation ln(1±x) ≈ ±x one




The energy spectrum does not depend on the velocity. The assumption was
made that the particle is highly relativistic, but the final energy spectrum
does not depend on the exact energy distribution of the particles before
the acceleration process. From very basic assumptions, a power law with a
spectral index of 2 could be derived.
3.5 Diffusive Shock Acceleration
The calculations presented in the previous sections were made using solely
thermodynamic arguments. The situation in the shells of supernova rem-
nants is somewhat different. The ambient interstellar material has a very
low density, and therefore a particle can hardly be confined in the shock re-
gion by scattering at the particles of the interstellar gas. Additionally, the
magnetic field was neglected. In fact, the magnetic field in the shell region
dominates the interaction of the particles. Thus, one has to use the speed
of hydrodynamic waves, which is the Alfvén speed cA = B/
√
µ0ρ, rather
than the thermodynamic sound speed cs in equation (3.7). This will lead to
modifications of the equations (3.8–3.10).
The magnetic field is also responsible for scattering the particles at ei-
ther side of the shock front. (author?) [Fer49] suggested an acceleration
of charged cosmic particles by the reflection between moving magnetic mir-
rors. The energy gain is only proportional to the second–order of the mir-
ror velocity, the process is therefore called second order Fermi acceleration.
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Figure 3.5: Magnetic mirror. A charged particle travels along a bended
magnetic field line and is reflected. The picture is taken from [Fer49].
This mechanism is not sufficiently effective to explain the acceleration of cos-
mic rays. However, the mechanism of reflection of the charged particles at
the magnetic mirrors is important for the acceleration of particles in shock
fronts. Figure 3.5 from the original work of Fermi illustrates this reflection.
The charged particle travels along a bended magnetic field line and changes
its direction. By scattering on the turbulent magnetic field at both sides of
the shock front, the velocity distribution of the particles becomes isotropic.
As the energy gain in shock acceleration is proportional to the first–order
of the shock front velocity (eq. 3.4), this process is also called first order
Fermi acceleration. Because the particles diffuse through the shock front
and are accelerated in the shock front, this process is also called Diffusive
Shock Acceleration.
In the last section the assumption was made that the particles already
have relativistic energies. The injection of non-relativistic particles must
be considered for a proper calculation of the spectrum of the accelerated
particles.
The consideration of the effect of the magnetic field, the injection of
the source particles and other parameters leads to slight modifications of
the spectral index. Reviews of detailed calculations of the Diffusive Shock
Acceleration are given by(author?) [JE91] and (author?) [MD01].
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3.6 Gamma Ray Production in Supernova Rem-
nants
As the accelerated charged particles are deflected in the interstellar magnetic
field, they do not carry any information about their origin when they arrive
at Earth. A good tool to investigate the acceleration process are γ-rays which
are emitted by the accelerated particles.
3.6.1 Hadron Interaction with the Interstellar Material
The interstellar space is filled with a thin gas consisting mostly of hydrogen
with a number density in the order of 1 particle per cm3. Hadrons, accel-
erated in the supernova remnant, can interact strongly with the nuclei of
these hydrogen atoms. As the cosmic rays consist mainly of protons, only
the interaction of protons will be discussed in this work. In strong, inelastic
interactions of two protons new particles will be generated. The products
of these reactions are primarily the lightest mesons, π+, π− and π0. While
charged pions decay into leptons, the neutral pions decay after a very short
live time of ≈ 10−16 s into two photons. These photons are a good tracer for
the acceleration of protons in the shock front. In the following, some approx-
imations of the hadronic interactions will be laid out. These approximations
are used in the discussion in chapter 6.
The interaction rate of the proton–proton interactions is determined by
the cross-section σpp. Based on Regge theory, (author?) [EHO+04] give a
parameterisation of the total inelastic cross-section:
σPDGpp (s) =
[
















with s = 2(Ekin + mp)mp being the squared centre-of-mass energy. The
accelerated proton has the kinetic energy Ekin and the proton of the inter-
stellar medium is assumed to be at rest. The proton rest mass is given by
mp ≈ 1 GeV. The cross-section is given in units of millibarn (1 b = 10−28 m2).
An approximation is used by (author?) [AA00]:
σAApp (Ekin) ≈ 30
(



















Aharonian & Atoyan Figure 3.6: Total
p − p cross-section.




and used by (au-
thor?) [AA00].
Figure 3.6 shows the cross-sections for kinetic energies of the accelerated
protons in the range between 10 GeV and 1000TeV. It can be seen that the
cross-section rises only gradually (approximately logarithmically) with the
energy. The proton energy is unknown, therefore the cross-section will be
assumed to be constant. In the region between 100 GeV and 105 GeV it is
reasonable to assume a value of
σpp ≈ 50 mb.
Now, the attention is drawn on the energy loss of the protons in the
interstellar gas with a number density of n ≈ 1 cm−3 protons. The interaction
rate of a proton population travelling almost at the speed of light is given by
nσppc.
It will be assumed that, on average, protons transfer 1/2 of their energy
into pions. Additionally, the assumption is made that almost all interactions
result in pion production, and that 1/3 of the pions are π0’s. Thus, with a
scaling factor f ≈ 1/6 incorporating the latter assumptions, one can define










The mean energy loss of a proton with energy E in the pp → π0 +X channel
is < dE/dt >= E/τπ0 . In reactions with interstellar matter (n ≈ 1 cm−3)
a proton of energy E loses, on average, a fraction 2.5 × 10−16 of its energy
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per second through the π0 channel. The cooling time is independent of the
energy. For an initial proton spectrum following a power law the cooling will
not change the spectral index.
As already pointed out above, the π0 almost immediately decays into two
photons. The energy spectrum of the photons produced in hadronic inter-
actions cannot be calculated in a straight-forward way. (author?) [Mor97]
and (author?) [Der86] performed detailed Monte Carlo studies of the inter-
action pp → π0 + X → γγ + X. These simulations were compared with data
measured at accelerator experiments. Figure 3.7 shows one of the results
obtained by (author?) [Mor97]. It can be seen that a proton with a kinetic
energy of 100 GeV produces mainly photons with energies of about 10 GeV.
Vice versa it can be said that photons with energies of 10GeV are produced
by protons with energies between 10 GeV and 1000 GeV, but mostly by pro-
tons with energies around 100GeV. The same ratio of ≈10:1 can be seen for
other energies. For the rough interpretation carried out in this work it will
be assumed that a proton of energy E loses its energy to photons of energy
0.1E. (author?) [AA00] adopt a mean fraction of 0.17 of the kinetic energy
of the proton to be transferred to the π0 and thus the produced photons have
a mean energy of 0.085E.
In this work only photons of energies between ≈ 500 GeV and ≈ 10 TeV
are of interest. Using the approximations laid out above, the following conclu-
sions can be drawn concerning the photons produced in proton interactions
with the interstellar material.
• γ-ray radiation in the energy range between 500 GeV and 10 TeV is
produced by protons with energies between ≈ 5 TeV and ≈ 100 TeV.
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• The radiation mechanism is almost independent of the proton energy.
Thus, the proton spectrum remains unchanged. The energy of the
radiated photons is connected linearly to the proton energy. Thus, the
shape of the γ-ray energy spectrum reflects the shape of the initial
proton spectrum.
• The energy loss of the protons is transferred to photons. From the
total energy in protons, Wp, one can calculate the integral energy flux
of photons, the luminosity Lγ. The luminosity is given by









×Wp(5− 100 TeV) s−1.
This equation will be used in the discussion in chapter 6.
3.6.2 Gamma-Ray Production by Electrons
Accelerated electrons lose their energy due to various processes. These pro-
cesses are bremsstrahlung in the interstellar material, synchrotron radiation
in a magnetic field and inverse Compton scattering on interstellar photon
fields. At the end of this section some useful relations are presented which
are used in the interpretation of the observed γ-rays.
Bremsstrahlung
Free electrons interacting with the field of a nucleus can radiate photons. This
process is called bremsstrahlung. The energy loss due to bremsstrahlung can
be expressed using the radiation length X0, defined as the area density over
which a high-energy particle (E  1 GeV) loses, on average, a fraction 1−e−1









The radiation length depends on some parameters of the medium, mainly
the charge of the nuclei. Here, bremsstrahlung in the interstellar medium is
discussed which consists mainly of hydrogen. The radiation length in atomic
hydrogen is given by (author?) [EHO+04] to be X0 = 63.05 g cm−2. The
mass density of the interstellar medium is mpn, where mp is the proton mass
and n the number density of the interstellar material. A particle travelling
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at the speed of light c sees an area density of cmpn per time unit. Thus, the



















which is independent of the electron energy. Therefore, the shape of an initial
power law spectrum remains unchanged.
A calculation of the energy spectrum of the bremsstrahlung photons can
be found in (author?) [Lon92, sec. 3.6]. As the energy of the bremsstrahlung
photons must be less than the initial electron energy E, Eγ ≤ E, the upper
edge of the bremsstrahlung spectrum is connected to the maximum energy
of the electrons. The mean of the bremsstrahlung spectrum is at ≈ 1/3E,
where E is the electron energy.
Synchrotron Radiation
Charged particles travelling in a magnetic field are deflected by the Lorentz
force. The case of a free electron travelling with the speed v in a magnetic
field B is illustrated in Fig. 3.8. The angle α between the electron trajectory
and the magnetic field lines is called pitch angle. Only the transverse velocity
is affected by the Lorentz force and the electron is forced on a spiral move-
ment around the magnetic field lines. Accelerated charged particles radiate
photons. The radiation due to the spiral movement of a charged particle is
called synchrotron radiation.
From the electric dipole radiation of an accelerated charged particle the
energy loss of this particle and the resulting electromagnetic spectrum can
be calculated [Lon94, chap. 18.1]. A detailed analysis of the synchrotron
radiation was carried out by (author?) [GS65]. Here some useful results are
presented and discussed for electrons.






















Figure 3.8: Movement of an electron in a magnetic field. The
trajectory of an electron (blue line) in a magnetic field (black arrows) is
shown. The Lorentz force causes the transverse velocity v⊥ = v sin α to spin
around B while the parallel velocity v‖ remains constant.
is the Thomson cross-section, Umag = B2/(2µ0) is the energy density of the
magnetic field, ε0 is the permittivity of free space and µ0 the permeability of
free space. The particles move isotropically and the average over all possible
pitch angles α leads to < sin2 α >= 2/3. Using β = v/c the mean energy










Later in this work, magnetic fields in the order of 100 µG will be discussed.
The energy density of the magnetic field can be calculated from the magnetic































Shown is the function
F (f/fc) which defines
the shape of the syn-
chrotron spectrum.






Due to the high kinetic energy of the electrons, the rest energy can be ne-



























The energy loss of the electrons depends on the magnetic field strength
B and on the energy E of the electrons. The cooling is more effective at
higher energies. Therefore, synchrotron radiation results in a steepening of
the electron spectrum.
The power spectrum of the synchrotron radiation of an electron over the






















is the characteristic frequency. The shape of the distribution is given by the
function




where K5/3(z) is a modified Bessel function. Tabulated values of F (x) can
be found in [Lon94, Table 18.1]. The function F (f/fc) is shown in Fig. 3.9.
It can be seen that the spectrum is very broad and has a sharp edge beyond
fc. Therefore, fc is also called cut-off frequency.
The maximum of the frequency distribution is at fsy = 0.29fc [see e.g.
GS65]:










Using this and equation (3.23) one can calculate the typical energy of the
synchrotron photons:









where E is the energy of the electron [see also AAK97, eq. (3)]. The typical
energy depends on the magnetic field B and the square of the energy E
of the electron. Thus, the synchrotron spectrum provides information of the
product BE2max, where E2max is the maximum energy of the electron spectrum.
An independent measurement of the product B2Emax can be gained from
the width of the synchrotron emission region [see e.g. VBK05, BYH05].
Roughly, the width w of the emission region represents the distance an elec-
tron travels before it lost its energy due to synchrotron radiation. Assuming
that the electron is confined in the shock region, the width depends on the
shock speed vs and the synchrotron cooling time τsy (eq. 3.24):









The width of the emission region can be calculated from the observed angular
width and the distance to the supernova remnant. As additional parameter
the speed of the shock front is needed. It should be noted that the calculation
of the magnetic field is not straight-forward as equation (3.27) suggests. It
further depends on the magnetic field ahead of the shock and the compression
ratio in the shock. Recently, (author?) [KBV05] discussed this calculation
for the supernova remnant SN1006.
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Inverse Compton Scattering
The Compton scattering process is the interaction of a high energy photon
with a free electron. The photon transfers energy and momentum to the
electron, and the electron is boosted up to higher energies.
Free electrons of high energies, e.g. those accelerated in a shock front, can
interact with low energy photons via the inverse Compton (IC) effect. Target
photons in astrophysical processes are the photons of the cosmic microwave
background (CMB), infrared background and star light. In this process, the
high energy electron hits a photon and transfers energy and momentum to
the photon. The photons can be boosted up to very high energies.
This process is determined by the Klein-Nishina cross-section [see e.g.
Lon92, sec. 4.3.2]. When, in the centre of momentum frame, the energy of





the Klein-Nishina cross-section can be approximated by the Thomson cross-
section σT (eq. 3.19), and thus this regime is called the Thomson limit. For
high energy photons, ε >∼ 1, the full Klein-Nishina cross-section has to be
used, which decreases with the photon energy.
For highly relativistic electrons, which will be considered here, the centre
of momentum frame moves almost with the speed of the electron and the
energy of the photon in the centre of momentum frame is γhf . With the







where E is the electron energy.
The cosmic microwave background is isotropic in the universe and its
temperature is well known to be thermal radiation with a temperature of
T = 2.7 K. Therefore, the inverse Compton scattering of electrons on this
photon field can easily be calculated. The frequency f0 of the maximum of





with b = 2.9 × 10−3 m K = 1.5 × 104 K/eV being Wien’s constant and c is
the speed of light. The maximum of the frequency distribution of the cosmic
microwave background is
f0 = 1.8× 10−4 eV. (3.30)
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Thus, the energy at f0 is hf0 = 1.1 × 10−3 eV, and the use of the Thomson
limit is justified for electron energies up to several tens of TeV.
Other photon fields, like infrared background and star light, are not
isotropic, and therefore the estimation of their energy densities needs fur-
ther assumptions. However, these photon energies are in the Klein-Nishina
regime and therefore inverse Compton scattering on these photons is sup-
pressed.
The calculation of the energy loss due to inverse Compton scattering can










This is very similar to the energy loss due to synchrotron radiation (eq. 3.20)






can be calculated. The energy loss due to inverse Compton scattering de-
pends on the energy density Urad of the radiation field and on the electron
energy E.
The energy density of the cosmic microwave background can be calculated
to be
UCMB = 0.25 eV cm
−3 (3.32)
and the cooling time due to inverse Compton scattering on the cosmic mi-
crowave background is






The spectrum of the inverse Compton photons is calculated in [Lon92,
4.3.3]. It has its maximum at
fmax = 4γ
2f0.





As only inverse Compton scattering at the cosmic microwave background is
discussed, this equation can be simplified using equations (3.30) and (3.23)
and the characteristic energy of the inverse Compton photons can be calcu-
lated to be










where E is the energy of the electron [see also AAK97, eq. (4)].
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shows the ratio of






a function of the
electron’s energy.
3.6.3 Comparison of the Emission Processes of Elec-
trons
It has been shown in the last sections that accelerated electrons can produce
high energy photons via three processes. In this section these processes are
compared and some conclusions for the interpretation of γ-ray measurements
will be drawn.
Bremsstrahlung versus IC Scattering
Let us consider an electron population which is capable of emitting brems-
strahlung photons with energies of more than 100 GeV. These electrons must
have energies of at least 100 GeV. The energy losses due to bremsstrahlung
and inverse Compton scattering on the cosmic microwave background can be











Figure 3.10 shows this ratio for several densities of the interstellar medium
and electron energies between 100 GeV and 100 TeV. It can be seen that
this ratio declines for rising electron energies. For densities of 1 cm−3 and
lower the cooling time due to inverse Compton scattering is shorter than the
cooling time due to bremsstrahlung by several orders of magnitude. Only
for high densities (> 1 cm−3) and electron energies of less than 1TeV the
bremsstrahlung process is more efficient than the inverse Compton process.
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In this work, energy loss due to bremsstrahlung will be neglected in the
discussion of electronic scenarios.
Synchrotron Radiation versus IC Scattering
The energy losses due to synchrotron and inverse Compton radiation depend
on the energy of the electrons. Further on, the energy loss due to synchrotron
radiation depends on the magnetic field strength B. Based on the assumption
that the observed synchrotron and inverse Compton radiation originate from
the same electron population, the energy losses of both processes can be
related to each other and thus the energy dependence is cancelled out. This
allows conclusions on the expected inverse Compton energy flux on the basis
of observed synchrotron radiation. This discussion follows the calculations
of (author?) [AAK97].
Let us assume a population of electrons in the energy range [E, E + ∆E]




The energy distribution of these electrons is
W (E) = En(E).
The luminosity of synchrotron radiation and inverse Compton radiation can





















The ratio of the luminosities due to synchrotron radiation and inverse Comp-









and is independent of the electron spectrum n(E). With the calculations of
the energy densities for the magnetic field and the cosmic microwave back-









The ratio depends only on the square of the magnetic field strength B.
The last equation compared the luminosities of the synchrotron and in-
verse Compton radiation. Now the energies of the radiated photons will be
compared. For this purpose further approximations are made. Assuming
that most of the radiation is emitted at the maximum of the frequency dis-
tributions, fsy (eq. 3.25) for the synchrotron radiation and fIC (eq. 3.34)
for the inverse Compton scattering, the ratio of energies of the synchrotron












Only inverse Compton scattering at the cosmic microwave background is









This relation depends only on the strength of the magnetic field B.
From equation (3.38) an important conclusion can be drawn. Synchrotron
emission from supernova remnants has been observed in the energy range
between 0.5 keV and 10 keV. In shock fronts of SNRs, the acceleration region
of the electrons, magnetic fields between 100 µG and 500 µG are discussed
[see e.g. VBK05, BYH05]. For these magnetic field strengths γ-rays with





We have seen that supernova remnants can produce γ-rays in the very high
energy (VHE, energies between 30 GeV and 30 TeV) regime. These pho-
tons do not reach the Earth’s surface. Rather, they are absorbed in the
atmosphere by the generation of particle showers. H.E.S.S. is an experi-
ment designed to use the upper atmosphere as a calorimeter, allowing the
reconstruction of the source direction and the energy of the arriving γ-rays.
In section 4.1 of this chapter, the generation of particle showers in the
atmosphere and the Cherenkov light which is used to detect these showers
will be discussed. The experimental setup of H.E.S.S. will be explained in
detail in section 4.2. Using data of the Crab Nebula, the performance of
H.E.S.S. and the analysis chain will be demonstrated in section 4.3.
4.1 Particle Showers in the Atmosphere
Photons and particles at very high energies have enough energy to create
cascades of photons and particles (of lower energy) in the interaction with
the atmosphere. Two scenarios have to be distinguished. Photons and elec-
trons generate electromagnetic showers, while protons, neutrons and nuclei
generate hadronic showers.
4.1.1 Electromagnetic Showers
Photons of energies considered here exceed twice the rest mass of electrons
(2me ≈ 1 MeV) by several orders of magnitude. Hence, the photon can
produce an electron/positron pair within the field of a charged particle, like
a nucleus in an air molecule. As long as the electrons and positrons have
enough energy they predominantly loose their energy by radiating photons
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via the bremsstrahlung process within the field of the nuclei. If the photons
produced by bremsstrahlung have enough energy they again undergo pair-
production. This causes a particle multiplication and an electromagnetic
shower is generated. At lower energies of the secondary particles, energy
loss due to ionisation of the atmosphere becomes important. Finally, if the
electrons have lost the major part of their energy they are captured by ions.
The positron can annihilate with electrons producing a pair of photons.
The development of a shower strongly depends on the medium in which
it is generated. In order to describe the shower characteristics independently
of the medium, the quantities radiation length and Molière radius are intro-
duced.
The radiation length X0 is defined as the area density over which a high-
energy particle ( 1 GeV) loses, on average, a fraction 1 − e−1 (i.e. 63.2%)
of its energy due to bremsstrahlung. The radiation length of air is 37 g cm−2
[EHO+04]. It depends on the density of air and thus on the altitude above
sea level, h. Using the atmospheric density profile of an atmosphere with
constant temperature
%(h) = 1.3× 10−3 g cm−3e−h/8 km
one can write the atmospheric depth X in units of the radiation length for a
particle travelling from infinity down to an altitude h as
X/X0 = 28e
−h/8 km.
The atmospheric depth as a function of the altitude is shown in Fig. 4.1.
Let us assume a very simple shower model. The primary photon of energy
E0 produces within the first radiation length an electron/positron pair with
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energies of E0/2 each. Within the next radiation length (the small difference
between the radiation lengths for bremsstrahlung and pair-production will
be neglected) the electron or positron emits a photon of energy E0/4 via
bremsstrahlung. In the NX ’th step N(NX) = 2NX particles are produced
with energies of E(NX) = E0/2NX each. The shower ceases when the energies
of the particles drops below the critical energy εc where ionisation becomes
important. The critical energy is defined as the energy at which the particle






In air, the critical energy is 87 MeV [Wig00]. The shower ends after NX




which is for a primary photon of energy E0 = 1 TeV after ≈ 13.6 X0 or,
according to Fig. 4.1 at an altitude of ≈ 6 km. The number of particles




which is in case of an 1 TeV photon ≈ 104.
Electromagnetic showers are quite narrow. The left panel of Fig. 4.2
shows the simulation of an air shower of a primary photon with an energy
of 300 GeV. The lateral extent of an electromagnetic shower is produced by
multiple scattering and is described in a medium-independent way by the
Molière radius, rM . On average, 90% of the shower energy is deposited in a




with the critical energy εc and the radiation length X0. The scaling energy
Es is defined as mec2
√
4π/α = 21.2 MeV, where c is the speed of light and α
is the fine-structure constant. In air, the Molière radius is rM = 9.8 g cm−2
which corresponds to a shower radius of 200 m at an altitude of 8 km. Details
on the development of electromagnetic showers can be found in [Wig00].
Obviously, an initial electron or positron impinging the atmosphere can
produce the same electromagnetic cascade as a photon, just by starting
with the bremsstrahlung process. Showers initiated by photons or elec-
trons/positrons have a similar shower shape and can thus not be distinguished
using the shape of the shower.
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Figure 4.2: Side View of simulated air showers. Only secondary parti-
cles which emit Cherenkov light are shown. The air showers are generated by
a 300GeV γ-ray (left panel) and a 1 TeV proton (right panel). The pictures
were taken from [Ber00].
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4.1.2 Hadronic Showers
Protons and heavier ions of the cosmic radiation can also produce air showers.
But additionally to electromagnetic interactions strong interactions of the
ions with the nuclei of the air molecules play an important role. In these
interactions further hadrons can be produced. Among them are neutral pions
(π0) which decay predominantly into two photons:
π0 → γγ.
These photons initiate electromagnetic sub-showers. Hence a hadronic shower
always contains a significant component of electromagnetic sub-showers.
The π0 created in nucleonic interactions carry a significant transverse
momentum. Thus, the electromagnetic sub-shower generated by the photons
from the π0 decay do not follow the initial direction of the incident proton
and the hadronic shower is spread out. A simulation of an air shower induced
by a proton of 1 TeV is pictured in the right panel of Fig. 4.2. It can be seen
that the hadronic shower comprises several sub-showers and has a larger
lateral extent compared to an electromagnetic shower. This will be used for
discrimination between electromagnetic and hadronic showers in the analysis
of γ-ray observation data.
Details on hadronic showers in general and in the Earth’s atmosphere in
particular can be found in [Wig00].
4.1.3 Cherenkov Light of Air-Showers
If the energy of a charged particle is sufficiently large that it travels faster
than the speed of light in the medium then it emits Cherenkov radiation.








where v is the speed of the particle, c the speed of light in vacuum and n the
refraction index of the medium. The refraction index of air at the Earth’s
surface is n0 = 1.0003. Particles capable of Cherenkov emission must have
a velocity of β > 0.9997. Electrons and positrons emit Cherenkov light if
they have an energy of at least 21MeV. This is the case for all electrons and
positrons in electromagnetic showers before they reach the critical energy
and loose their energy by ionisation. In analogy to the Mach cone of an
aeroplane at supersonic speed, the spherical Cherenkov light fronts generated
at different positions of the flight path interfere to a cone-like wave front.
This is illustrated in Fig. 4.3. Within a time unit T the particle travels a
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distance βcT while the Cherenkov light travels only a distance cT/n. The






The maximum opening angle, which is reached if the particle’s speed reaches
the speed of light in vacuum, β = c, is cos Θ = 1/n. The refraction index n
decreases with increasing altitude, (n − 1) is proportional to the density of
the atmosphere:
n(h) = 1 + (n0 − 1)e−h/8 km.
With increasing altitude the refraction index and thus the opening angle
of the Cherenkov cone decreases. Cherenkov light emitted at an altitude h
generates an light pool at the Earth’s surface at an altitude H with maximal
radius
Rmax(h) = (h−H) tan Θ.
The maximum radius of the Cherenkov light pool in an altitude H = 1.8 km
(which is the altitude of H.E.S.S.) is plotted in Fig. 4.4. It can be seen
that Rmax reaches a maximum of 130 m and is larger than 100m over a wide
altitude range. The left panel of Fig. 4.5 shows the simulated Cherenkov
light distribution of a 300GeV photon. The picture shows a circular light
pool with brightened edge. The radius of the light pool is ≈ 130 m. The
right panel shows the Cherenkov light distribution of a 1TeV proton. The
light pools of several electromagnetic sub-showers can be seen. The light is
asymmetrically distributed and spread over a larger area.
As the shower develops almost at the same speed as the propagation of
the Cherenkov light, the light pulse on the ground is very short. Assuming





to reach the ground. The difference of the arrival times of Cherenkov light




(h1 − h2) .
For a shower of length ∆h = 6 km the Cherenkov light arrives within 6 ns.






















is the maximum radius of
the Cherenkov light pool
at the H.E.S.S. site (1800
m above sea level) for
Cherenkov light emitted
at an altitude h.
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Figure 4.5: Cherenkov light distribution on the ground of simulated
air showers. The air showers are generated by a 300GeV γ-ray (left) and
a 1TeV proton (right). [Ber00]
Figure 4.6: The H.E.S.S. experiment. The photograph shows the four
individual telescopes. In the foreground the telecommunication antenna, the
control building and the power house can be seen.
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4.2 Experimental Setup of H.E.S.S.
H.E.S.S. (High Energy Stereoscopic System) is an experiment dedicated to
the observation of cosmic VHE γ-rays by the detection of the Cherenkov light
of their air showers. The acronym H.E.S.S. reminds of Viktor Franz Hess,
the discoverer of the cosmic rays. H.E.S.S. makes use of the stereoscopic
observation of air showers, as first conducted by the HEGRA collaboration
[KAA+96]. H.E.S.S. was built in collaboration of 19 institutes from 8 Euro-
pean and African countries. It started its observations in June 2002 with the
first telescope, and the full system, comprising 4 telescopes, is operational
since the beginning of 2004. Figure 4.6 shows the setup of H.E.S.S. in the
Khomas Highland of Namibia.
4.2.1 The Site
The H.E.S.S. experiment is located in the Khomas Highland of Namibia
in southern Africa. The exact coordinates are 16◦30′00.s8 East, 23◦16′18.s4
South. The region is sparsely inhabited, and therefore no artificial light
sources influence the measurements. The clear air reduces the light extinc-
tion due to aerosols in the atmosphere to a minimum. Apart from the raining
season from January to March most of the nights are clear and cloudless al-
lowing observations with high efficiency. The location on the southern hemi-
sphere of the Earth allows the observation of the southern celestial sphere.
The Galactic Centre and the inner part of the Milky Way, one of the most
interesting regions, can be observed at high elevations. Together with three
other Cherenkov telescope systems, CANGAROO, MAGIC and VERITAS,
the entire celestial sphere can be observed in VHE γ-rays.
The four telescopes are arranged in a square with a baseline of 120 m.
The spacing of the telescopes has been chosen to match the radius of the
light cone of an air shower, providing the best chance of observing a shower
by several telescopes.
4.2.2 Mount and Tracking
One of the H.E.S.S. telescopes is shown in Fig. 4.7. Each telescope is sup-
ported by a steel structure. The structure is designed for high mechanical
rigidity to minimise the effects of bending and tilting due to the weight of
the camera and the drag of the wind. The telescope is placed on a rail with
a diameter of 13.6 m allowing the telescope to turn parallel to the horizon.
The angle counting clock-wise from north to the telescope direction in the





ture, mirror dish and
the camera can be
seen. In front of
the telescope is the
camera hut. The
white container at the
back of the telescope
contains the electron-
ics. The poles are two
of the four lightning
protection masts.
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Figure 4.8: The re-
flector of a H.E.S.S.
telescope. The mir-
ror consists of 380
mirror facets mounted
on a hexagonal frame.
The Lid CCD is in
the centre of the dish.
Half way between the
centre and the left
edge of the dish the
Sky CCD is located.
focal length can be rotated perpendicular to the horizon. The angle between
the ground and the telescope direction is the altitude. The inverse of the
altitude (90◦−alt) is called zenith angle. In the focus of the dish the camera
is mounted on four supporting steel masts.
In order to keep the source in the centre of the camera permanent track-
ing is required. The telescopes are driven by friction drives acting on 15 m
drive rails with a slewing speed of 100◦/min. The position is sensed by shaft
encoders with a digital step size of 10′′. Details of the drive system can be
found in [Bol04]. The position of the source in the camera can be maintained
with an accuracy of 30′′ [Gil04]. The pointing of the telescope can be con-
trolled with an optical telescope mounted in the dish (Sky CCD) observing
stars in the surrounding of the source. The positions of the stars in the Sky
CCD can be used to correct mis-pointing due to wind drag at the reflector
dish.
4.2.3 The Optical System
The reflector of each telescope consists of 380 mirror facets mounted in a
hexagonal dish with a flat-to-flat width of 13m. Both the mirror facets and
the dish are spherical with a focal length of 15 m. A picture of the dish
and the mirror facets is shown in Fig. 4.8. Mounting spherical mirrors on
a spherical frame of the same focal length is the so-called Davies-Cotton
layout, which was initially designed for a solar furnace used as test facility
for protection equipment against thermal radiation from nuclear weapons
[DC57]. This design is cost-efficient and provides an essentially point-like
focus for rays parallel to the optical axis. Off-axis rays suffer from significant
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aberrations. The spherical design of the dish introduces a time dispersion of
≈ 5 ns.
The individual mirror facets are made of aluminised optical glass, coated
with quartz for outdoor use. For cost-reasons round mirrors with a diameter
of 60 cm were preferred to hexagonal mirrors, which would cover the dish
completely. The reflectivity in wavelengths between 300 and 600 nm exceeds
80%. At least 80% of the reflected light is focused into a circle in the focal
plane with a diameter of 1 mrad.
The total reflecting area of 107 m2 is reduced by shadows of the camera
and camera support structure to ≈ 95 m2, depending slightly on the angle of
incidence. Details of the optical system of H.E.S.S. can be found in [BCC+03].
The mirror facets are attached to the dish on three points, whereof two are
actuators which can be used to tilt the mirrors individually. For alignment
of the mirrors a CCD mounted in the centre of the dish, called the Lid
CCD, observes the light of a star reflected onto the lid of the camera. After
installation of the mirrors the star images are spread about 1◦. The mirrors
are moved individually until all images are focused in the centre of the camera
lid. After alignment, 80% of the light of the star is focused into a circle with
a radius of ≈0.4 mrad, depending on the incidence angle and the observation
altitude. The alignment has been found to be stable at time scales of years
[CGJ+05]. The details of the mirror alignment and the performance of the
reflector can be found in [CGJ+03].
The mirror reflects the incoming Cherenkov light onto the camera which
is located in the focus of the dish. The pointing direction of the telescope
is mapped to the centre of the camera. Any displaced signal in the camera
corresponds to an angular distance from the pointing direction at the celestial
sphere.
4.2.4 The Cameras
The right panel of Fig. 4.9 shows one of the cameras mounted in the focus
of the telescope. Each camera consist of 960 pixels and covers a field of
view with a diameter of 5◦. The pixels are arranged in a hexagonal shape,
such that each pixel which is not located at the edge of the camera has six
neighbours. Each camera is contained in a body of 2m length and ≈1.6 m
width and has a mass of about 900 kg. The camera body also holds the
power supplies as well as the electronics for signal processing, triggering and
digitisation [Ve03]. The front of each camera is covered by a lid shielding the
pixels from the day light. The lid, slightly opened, can be seen in the right
panel of Fig. 4.9. During day the cameras are parked in shelters, the camera
huts, for rain protection.
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Figure 4.9: A H.E.S.S. camera. The photographs show the camera from
the back (left panel), the front view with opened lid (middle panel) and the
camera mounted in the focus of the telescope (right panel). The pictures are
taken from [Ve03].
The pixels are photomultiplier tubes (PMTs) with a quantum efficiency
of about 30% and a field of view of 0.16◦. The high voltage is provided by the
PMT bases and is calibrated to generate a signal of 2×105 electrons for each
photo electron (p.e.). To cover a large dynamical range, the pulse from each
PMT is divided into two channels with different amplification factors. A high-
gain channel for signals in the range between 1 and 100 p.e. and a low-gain
channel for pulses with 10 to 1600 p.e. Groups of 16 PMTs form a drawer,
which holds also the power supplies for the PMTs, two data acquisition cards
for 8 PMTs each and three temperature sensors. The drawers can be easily
extracted from the body and replaced. Winston cones in front of the pixels
collect the light which would fall in-between the PMT windows and restrict
the PMT’s field of view to the angular size of the mirror. The middle panel
of Fig. 4.9 shows a front view of the camera with the Winston cones in front
of the PMTs.
The camera readout pipeline makes use of the ARS (Analogue Ring
Sampler) chip, which was initially developed for the ANTARES experiment
[FA03]. It samples the signal at 1GHz and stores it in 128 cells while awaiting
the trigger decision. Triggered events will be read out from a time window
of 16 ns. The signal is digitised by an ADC (analogue-to-digital converter),
usually by integrating over the entire time window, into ADC counts. The
integration window of 16 ns is appropriately large to contain the time spread
of the Cherenkov pulse of ≈ 6 ns and the time dispersion due to the reflector
53
design of ≈ 5 ns. For test purposes the signal can also be digitised cell by
cell, the so-called “sample-mode”.
The data acquisition system of the camera is written in C and is running
on a Linux operating system. The system controls also the 95 fans, 16 tem-
perature sensors and a GPS (Global Positioning System) card to obtain the
arrival time of the events. The entire read out electronics of the camera is
incorporated in the camera body. The left panel of Fig. 4.9 shows a rear view
of the camera where the power supplies and readout electronics are located.
The digitised events will be sent to the Central Data Acquisition (DAQ) sys-
tem. After receiving the trigger signal it takes 610 µs until the data are sent
to the Central DAQ. This readout time defines the dead time of the camera
per event which corresponds to a maximum acquisition rate of the camera of
1.6 kHz.
4.2.5 The Trigger
The decision which event will be read out and stored for further analysis is
made by a 2-step trigger. The first step is formed on the camera level. The
second step is a coincidence trigger which triggers the readout of all cameras
of the array.
A pixel is triggered if the number of photo electrons exceeds a certain
value, typically 4 p.e. during normal observations. The camera is sub-divided
into 38 overlapping sectors comprising 64 PMTs each. The sector overlap en-
sures a homogeneous efficiency over the camera. A sector trigger is raised
when a number of pixels, typically 3, in one sector exceeded the pixel thresh-
old. The sector trigger reduces the night-sky-background (NSB) significantly,
since air-showers form images with clusters of pixels while the NSB affects
single pixels and is randomly distributed in the camera.
The readout of all cameras is triggered by a Central Trigger System (CTS)
based on coincident telescope triggers [FHH+04]. The telescope multiplicity
is programmable, in observation mode typically a coincidence of at least two
telescope triggers is required. This ensures that an air-shower is observed
by at least two telescopes. Single muons, which form a major part of the
background in a single telescope, are rejected almost completely since they
trigger only one telescope.
The CTS is also responsible for dead-time measurement and event syn-
chronisation. Each telescope provides with the trigger signal the current
readout status, i.e. the camera is busy with the acquisition of a previous
event or it is active for readout of the current event. In case of a busy cam-
era the data of this telescope for this particular event is lost. Based on this
information, the CTS can derive the dead-time. The camera data are sent
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Figure 4.10: Equipment for
weather and atmospheric moni-
toring. From left to right can be
seen the scanning radiometer, the
transmissometer, the LIDAR and the
weather station.
to the central data acquisition system individually. In order to connect the
different camera images to a single event, the CTS assigns a unique event
number which is distributed to all cameras. When a telescope triggered but
no coincidence occurred, the CTS instructs the cameras to stop the readout.
This prevents the cameras from reading out single events and reduces the
dead-time significantly.
4.2.6 Weather and Atmospheric Monitoring
In addition to the recording of the camera images of the air showers the
atmospheric conditions need to be monitored. At the H.E.S.S. site a fully
automatic weather station has been installed. It records the air temperature,
relative humidity, atmospheric pressure, wind speed, wind direction and rain
fall over 24 h a day. The data are displayed on-line in the control room and
are stored on disk. Further equipment is used to observe the atmospheric
quality and the clouds in the sky. Figure 4.10 shows a photograph of the
weather station in the centre of the H.E.S.S. array.
Radiometer
Infrared radiometers are used for cloud detection. These radiometers measure
the radiation in a wavelength window between 8 and 14 µm. The measured
value can be compared with a blackbody spectrum and a radiative tempera-
ture can be calculated. This temperature is not the temperature of the air or
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Figure 4.11: Correlation of the trigger rate and the radiometer
temperature. The trigger rate is denoted by the black data points (left
axis) the temperature by the red points (right axis). The left panel shows
the data for run 18930 where clouds were passing (rising temperature). The
anti-correlation between the trigger rate and radiometer temperature can be
seen. The right panel shows run 18947 with clear sky and stable trigger rate.
a cloud. Clouds reflect the ambient light, and therefore they show a higher
temperature than the clear sky. The radiometer readings of a clear sky may
change on timescales of hours to days due to changing humidity and atmo-
sphere temperature and is in general dependent on the zenith angle. Details
on the radiometer can be found in [Le 03].
Each of the telescopes is equipped with a radiometer paraxially mounted
which observes the same region of the sky as the telescope. The red data
points in Fig. 4.11 shows the time-lines of the radiometer temperature of one
telescope in two runs. The left panel of Fig. 4.11 shows a run where clouds
passed by producing the peaks in the radiometer temperature. A run without
clouds is shown in the right panel of Fig. 4.11 with a stable temperature.
The black points in Fig. 4.11 denote the trigger rate showing a clear anti-
correlation with the radiometer temperature. Due to the unstable cloud and
trigger conditions in run 18930 (shown in the left panel of Fig. 4.11), this
run is excluded from the analysis presented in chapter 5.
Another radiometer is mounted in the centre of the array on a pan-tilt
unit. This radiometer can scan the whole sky during day and night providing




While the radiometer provide only a measurement of the existence of clouds,
the transmissivity of the atmosphere can be measured using the ceilometer.
The ceilometer is a LIDAR (LIght Detection And Ranging), a device which
points a laser into the atmosphere and measures the backscattered light which
is connected to the amount of aerosols in the atmosphere. Measuring the time
of flight of the laser pulse an atmospheric profile of the backscattered light
up to a height of 7.5 km can be achieved. Details on the ceilometer can be
found in [Bro05].
A correlation of the trigger rate and the amount of aerosol as measured
with the LIDAR has been shown by (author?) [LNMS05]. It is shown that
the integral γ-ray flux above 1TeV is not affected by the aerosols in the
atmosphere but a correction of the effective areas due to the absorption by
aerosols might be necessary for lower energies.
4.2.7 Central Data Acquisition System
The camera images of the air shower, as well as the atmospheric conditions
and other monitoring data are sent to the Central Data Acquisition System
(DAQ). The subsystems provide their data at very different rates. The data
of all four cameras can reach a maximum rate of ≈ 1 kHz while the weather
station has a data rate of 0.1Hz. For each subsystem the DAQ provides data
receivers and reads out the data asynchronously. The data receivers collect
the data which is converted on-line into a ROOT [BRB+05] format ready for
analysis.
A modular design of the DAQ allows to combine the subsystems into dif-
ferent configurations, e.g. sub-arrays of telescopes or the exclusion of certain
subsystems from the data stream. Additionally, the DAQ configures and
controls all subsystems. All configuration parameters needed for operation
are stored in a MySQL [MyS05] data base. These parameters includes hard-
ware configurations as the high voltages for all pixels, the trigger conditions
or the celestial coordinates of sources to be observed. The experiment can
be operated from a computer terminal by a shift crew of typically two per-
sons. Figure 4.12 shows the control room during data taking. The monitors
on the upper shelf show on-line data, like the weather data, trigger rates,
telescope pointings and on-line event displays. This information can be used
for immediate check of the status of the subsystems and the quality of the
recorded data. The experiment can be controlled by the computer terminal
with two screens on the desktop.
The software of the DAQ uses an object-oriented design and is pro-
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grammed in C++. The communication between the processes (interprocess
communication) is done using the industrial CORBA standard in the om-
niORB [omn05] implementation. Details on the software can be found in
[BKd+03, BMS01]. The system is running on a Linux farm comprising 20
PCs with double Pentium CPUs connected via a Gigabit network. A picture
of the processing farm is shown in Fig. 4.13. The data is stored on two 1.6 TB
RAID hard disk arrays and is shipped on tapes to Europe for calibration,
data reduction and analysis.
4.2.8 Calibration
The voltage generated by a photon in a pixel is digitally stored as ADC
counts. This value needs to be transformed into an intensity measured in
photo electron counts. Additionally, the different efficiency of the pixels
needs to be levelled out ensuring a uniform acceptance over the camera.
Each pixel provides two values, the ADC counts ADCHG in the high gain
channel and ADCLG in the low gain channel. The intensity, measured in





for the high-gain channel and
ALG =
ADCLG − P LG
γADCe
× FF × (HG/LG)
for the low-gain channel. In this calculation a number of calibration pa-
rameters are needed. P is the PMT’s pedestal position, measured in ADC
counts in the two channels. The quantity γADCe is the gain of the high-gain
channel. To obtain the gain in the low gain channel, γADCe is divided by the
ratios of the amplifications in the two channels, HG/LG. Finally, FF is the
flat-field coefficient which levels out the differences between the individual
pixels. For calibration the pedestal positions, the high-gain γADCe , the gain
ratios HG/LG and the flat-field coefficients FF must be provided.
The pedestal P is the mean ADC value recorded in the absence of Cheren-
kov light. In the dark (when the camera lids are closed) the electronics
generates a narrow Gaussian ADC distribution the mean of which is the
pedestal position. The pedestal position depends on the camera temperature.
During observations the night sky background broadens and shifts the ADC
distribution of the pedestals. The pedestal distribution can be estimated
from observation data. A typical air-shower image contains only 20 pixels.
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Figure 4.12: Control
room of the H.E.S.S.
experiment. The pic-
ture shows the desktop
from where the experi-
ment can be operated. On
the lower right hand side
are two monitors with the
central DAQ user’s inter-
face. The upper monitors
show information of the
on-line monitoring.
Figure 4.13: The com-
puter cluster. The
picture shows the racks
with the computers of the
data acquisition cluster.
The outer racks contain
the farm computers, the
next to left rack contains
the network switches and
RAID arrays. The next
to right rack contains the
server, tape drives and ad-
ditional hard disks.
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Figure 4.14: ADC dis-
tribution of a Single
Photo Electron Run.
The plot shows the dis-
tribution of ADC counts
in a Single Photo Electron
Run. The blue line de-
notes a fit to the distri-
bution. The plot is repro-
duced from [AAA+04a].
From the pixels not illuminated by Cherenkov light the pedestal positions
are extracted.
The gain in the high-gain channel, γADCe , is measured in dedicated “Single
Photo Electron Runs”. For this purpose, an LED flasher is installed inside
the camera hut, roughly 2 m in front of the camera. The LED illuminates
the camera with an intensity of about 1 p.e. per pixel and is pulsed at 70 Hz.
From the ADC count distribution of these runs the gain can be calculated.
Figure 4.14 shows the ADC distribution as measured in a Single Photo Elec-
tron Run. The peak at −27ADC counts is the pedestal. A function which
describes the pedestal with a Gaussian and assumes a Poisson distributed
number of photo electrons describes the ADC distribution. A fit of this func-
tion to the data is denoted by the blue line in Fig. 4.14. From this fit the
gain is calculated to be ≈ 80ADC counts per p.e. for every pixel, with an
RMS of 2− 3 counts over all pixels.
The ratio of gains in the high-gain and low-gain channel can be derived
from normal observation data using the overlapping region between 10 and
100 p.e. of the two channels. The ratio HG/LG is approximately 13.5, the
RMS over all pixels is 0.5.
Due to different efficiencies of the individual photo cathodes and Winston
cones the pixel acceptance is not homogeneous over the camera. To correct
for this differences, flat-field coefficients, FF , have to be determined. For
this purpose, an LED flasher is mounted in the centre of the reflector dish
[ACH+03]. The LED flasher produces short light pulses with a FWHM of 5 ns
and illuminates the whole camera. The LEDs wavelength of 390 to 420 nm
and its short pulses are well simulating a Cherenkov light pulse. The camera
is externally triggered on the light pulses and the ADC count distribution
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is recorded. After calibration as described above the mean of all pixels in
one camera is calculated. The inverse of the deviation of one pixel from the
mean value is the flat-field coefficient, FF . By definition, the mean of FF is
1. The typical RMS of the FF distribution is ≈ 10%.
Dedicated “Single Photo Electron Runs” and “Flat-Fielding Runs” are
taken every second night. The final calibration of the data is then done
based on the mean parameters within one observation period of 4 weeks. A
very detailed description of the H.E.S.S. calibration procedure along with
a discussion of the stability of the calibration parameters can be found in
(author?) [AAA+04a].
A raw camera image in the high gain channel prior to the calibration is
shown in the left panel of Fig. 4.15. The image of the shower can hardly be
seen. The middle panel shows the same event after calibration. The shower
image is clearly enhanced. The rest of the camera is dominated by small
fluctuations due to electronic noise and night sky background.
The camera calibration cannot provide an absolute calibration of the
H.E.S.S. detector as it does not include the reflectivity of the mirrors and
the absolute quantum efficiency of the PMTs. This can be either done by lab-
oratory measurements of the individual components or using the Cherenkov
light emitted by muons. Muons generated in hadronic air-showers produce a
clear Cherenkov ring or arc in the cameras. From the diameter of these rings
the energy of the muon can be calculated. The Cherenkov emission of muons
is well understood and simulated. By comparing the measured values with
the simulation an absolute calibration can be performed. This is discussed
in [LBG+03].
4.2.9 Event Building
After calibration of the camera images the showers are reconstructed. First
a basic image cleaning is performed. The cleaned images are parameterised
using the second moments of the intensity distribution. From these image
parameters the shower direction, impact position and energy can be calcu-
lated.
Image Cleaning
The fluctuations in the camera outside the actual shower image (see the
middle panel of Fig. 4.15) need to be removed in order to restrict the camera
image to the image of the shower. This image cleaning is based on the
intensity in each pixel and the intensity in the (up to six) neighbouring
pixels. All pixels with an intensity of less than 5 photo electrons (p.e.) are
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Figure 4.15: Camera images. The left panel shows the raw ADC counts
in the high gain channel of the camera. The calibrated image is shown in the
middle panel, the colour bar denotes the intensity in photo electrons. The
right panel shows the image after image cleaning. In the cleaned image, the
Hillas ellipse is denoted by the white line. The shower image is split into two
pieces probably due to problematic pixels.
removed from the image. Pixels with an intensity of more than 10 p.e. and
having a neighbour with at least 5 p.e. are kept in the cleaned image. Also
those pixels with an intensity between 5 and 10 p.e. are kept if they have a
neighbour with more than 10 p.e.
The right panel of Fig. 4.15 shows the camera image after image cleaning.
The intensities of the excluded pixels are set to zero.
Image Parameterisation
The image of an electromagnetic air shower has an elongated, roughly ellipti-
cal shape. Therefore, it can be parameterised by an ellipse which was initially
suggested by (author?) [Hil85]. The parameters of this ellipse are illustrated
in Fig. 4.16. The position is defined by the centre of gravity or mean of the
intensity distribution, (x, y). The second moments of the intensity distri-
bution define the semi-major and semi-minor axis L and W , respectively.
These quantities are the Hillas length and Hillas width, respectively. The
distance of the centre of gravity to the centre of the camera is given by the
local distance d. Finally, the orientation of the ellipse is parameterised with
the angle α between the semi-major axis and the line connecting the centre
of gravity with the centre of the camera. The Hillas ellipse of the shower








Figure 4.16: Hillas pa-
rameters. Definition
of the Hillas parameters
length L and width W of
the ellipse, local distance
d to the camera centre
and the angle α between
the orientation of the el-
lipse and the line connect-
ing the centre of gravity
with the camera centre.
Shower Reconstruction
The shower geometry can be described using the shower direction and the
impact point. The shower direction is the extension of the shower axis to
the celestial sphere. It is given in celestial coordinates and in case of a γ-ray
it represents the source of the γ-ray in the sky. The impact point is the
intersection of the shower axis with a plane perpendicular to the observation
direction, usually the telescope plane which is in the centre of the H.E.S.S.
array.
The simultaneous observation of an air shower by several cameras at
different viewing angles allows the reconstruction of the source direction and
impact point. Thus, only showers which were seen by at least two telescopes
are reconstructed. The reconstruction is done using only the direction of
a shower image with respect to the camera centre, which is defined by the
major axis of the Hillas ellipse. Obviously, this will not work if the major axis
is not very well defined. This is the case when a γ-ray induced shower hits
the telescope and the image shows the shower from below. Images of hadron
induced showers are fuzzy and consist of several electromagnetic showers.
Hadron induced showers are not well parameterised by ellipses and thus the
direction reconstruction is not very accurate.
For the determination of the source direction all shower images are pro-
jected into one camera plane or to the field of view in the sky. This is
illustrated in the upper part of Fig. 4.17. The intersection point, mapped to
the celestial sphere, denotes the source direction. If there are more than two
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images, the source direction will be calculated for each pair of images. Based















where ∆β is the angle between the two images and the Ii are the image
intensities in photo electrons, Wi the Hillas widths and Li the Hillas lengths
of the two images i. The numerator suppresses pairs of showers intersecting
at small angles where the error on the intersection point is large. The first
term of the denominator favours intersection points of bright intensity. The
second term suppresses images with a high width over length ratio, and thus
a not well defined major axis. The source position (x,y) is calculated as the






The impact point can be calculated in an analogue way. The direction of
a shower image in the camera and the telescope’s pointing direction define a
plane. The intersection of two such planes from different telescopes coincides
with the shower axis. This is illustrated in Fig. 4.17. It should be noted that
in the illustration the telescopes point to zenith and the ground can be taken
as the telescope plane perpendicular to the telescopes’ pointing direction.
The intersection of the shower axis with the telescope plane is the impact
point. For more than two images the impact point will be calculated from








A detailed description of the shower reconstruction algorithm can be
found in [AHKV97]. A comparison of different algorithms was done by (au-
thor?) [HJK+99].
4.2.10 Detector Simulation
For the energy estimation of the reconstructed showers and for further anal-
ysis the knowledge of the detector response is crucial. The detector response
is inferred from Monte Carlo simulations.
Air showers are simulated using the CORSIKA package [HKC+98]. COR-








Figure 4.17: Shower reconstruction.
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protons up to iron as primary particles with energies up to 1011 GeV. The
package tracks the particle through the atmosphere until it undergoes the
next interaction, or in case of unstable secondaries until decay. Hadronic
interactions are simulated using the VENUS [Wer93] model. CORSIKA cal-
culates the Cherenkov emission of high energy particles, and the Cherenkov
light is propagated through the atmosphere. Based on MODTRAN [AKC+96]
different atmospheric models, which are important for the extinction of the
Cherenkov light, can be included in the simulation. The standard atmo-
spheric model used in the analysis of H.E.S.S. data is for a desert atmo-
sphere. For a cross-check which will be discussed in chapter 5, simulations
of a maritime atmospheric model were used. The detector response to the
Cherenkov light is simulated using the sim_hessarray package [Ber03], which
is based on sim_telarray, a simulation package developed and used for the
HEGRA Cherenkov telescopes. This package ray-traces the Cherenkov light
through the optical system (mirrors, Winston cones) to the camera pixels.
The reflectivity of the mirror facets were measured and are included in the
simulation. The ray-tracing also allows the simulation of shadowing effects
of the support structure like the camera masts. Finally, the response of the
PMTs and camera electronics is simulated based on the quantum efficiency
and the shape of the pulse generated by a photon. Details on the simulations
can be found in [Ber03].
The simulation provides the ADC counts for each pixel which can be
translated into an intensity. The event building algorithm is applied to the
simulated data. The resulting data are used to provide expected shower
parameters for the event selection, to calculate the effective areas of the
instrument and to estimate the energy of the primary particle based on the
observed shower parameters.
4.2.11 Event Selection
The experiment detects two distinct types of showers, electromagnetic show-
ers and hadron induced showers. The bulk of the data are hadronic show-
ers which do not carry any information of the origin of the initial hadron.
Hadronic showers are considered as background and should be filtered out
before analysis.
The selection of the γ-ray like showers is carried out in two steps. The
first step selects images of the individual cameras prior to the shower re-
construction. A maximum cut applied on the locale distance, which is the
distance between the centre of gravity of the intensity distribution in the
camera and the camera centre, rejects truncated images at the border of the
camera. A minimum cut on the image intensity in each camera rejects faint
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images which would worsen the shower reconstruction. Increasing the cut
on the minimum intensity improves the angular resolution while discarding
events at the low energy end of the spectrum.
To reduce the hadronic background and enhance the significance of a
signal the different widths of electromagnetic and hadronic showers are used.
The connection of the actual width of the shower and the measured width
of the shower images is influenced by several parameters. Showers of high
intensity Ii (in camera i) have a larger width than showers of low intensity.
Showers observed at a large zenith angle Θza or a large impact parameter bi,
which is the distance of the impact point of the shower to telescope i, are
further away from the telescope and the Cherenkov light is fainter due to the
larger distance. In order to take these effects into account, the Hillas width
and length are scaled with the expectation values taken from the simulations.
Depending on the image intensity I, the zenith angle Θza and the impact
parameter b the mean expected width < W > (I, b, Θza) and the RMS of
the expected width σ(I, b, Θza) are calculated from the simulated data. The
observed width W in each telescope is reduced by < W > and scaled with
σ. Finally the mean of all telescopes i is calculated, forming the parameter






Wi− < W > (Ii, bi, Θza)
σ(Ii, bi, Θza)
of the shower. The same calculation is done for the Hillas parameter length,
obtaining a mean reduced scaled length, MRSL. Event selection cuts are ap-
plied to the mean reduced scaled parameters. As the scaling of the parameter
needs the impact distance of the shower, the event selection cut has to be
applied after shower reconstruction.
In order to define a region of interest a cut on θ2, the squared angular
distance to the possible source, is performed. This cut defines a circular
region around the source which is considered as on-source region.
The cuts used in this work are the standard cuts used for all H.E.S.S.
analyses. They were optimised a priori on maximum significance of the signal
per
√
h using simulated γ-ray data and a background observed at regions of
the sky were no γ-ray sources are known. Details on these cuts can be found
in [AAB+05b].
In this work the cut configuration referred to as “hard cuts” in [AAB+05b]
is used in order to gain a maximum of background rejection. These cuts
were optimised for a weak source with a hard spectral index. The simulated
source had a flux of 1% of the flux of the Crab Nebula. The Crab Nebula
is the standard candle in VHE astronomy and is used for calibration. The
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locale distance [m] [0, 0.525]
intensity [p.e.] > 200
MRSW [-2.0, 0.7]
MRSL [-2.0, 2.0]
θ2 [deg]2 ≤ 0.01
Table 4.1: Event selection cuts.
Shown are the cuts which were ap-
plied to the parameters mean reduced
scaled width and length, MRSW and
MRSL, local distance, the intensity
of the image in each camera and the
squared radial distance to the source
θ2.
MRSW



















Figure 4.18: Mean reduced scaled parameters. Shown are the param-
eters MRSW (left panel) and MRSL (right panel) for off-source data (red)
and γ-ray simulations (black). The applied cuts are denoted by the dashed
lines.
differential energy spectrum of the simulated source follows a power law with
a spectral index of 2.0. The cuts require a high minimum intensity of the
shower images of 200 photo electrons (p.e.) compared to the standard cut
of 80 p.e. This cut is meant to reduce the number of background events and
to give a narrower point-spread-function (PSF). These advantages are at the
expense of a higher energy threshold. The cut parameters are summarised
in Table 4.1.
The cut on the mean reduced scaled width (MRSW) is by far the most
powerful in the background rejection. Distributions of MRSW are shown in
the left panel of Fig. 4.18 for one off-source run, which observed a region
in the sky where no γ-ray sources are known, and for γ-ray simulations.
Applying the selection cuts on MRSW [−2.0, 0.7] 6% of the off-source events
and 40% of the simulated γ-rays were selected.
The distributions of MRSL are shown in the right panel of Fig. 4.18.
Applying the selection cuts on the MRSL parameter [−2.0, 2.0] 24% of the
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off-source events and 61% of the γ-ray simulations were selected.
Applying all cuts 14% of all simulated γ-rays and only 0.11% of the off-
source events are accepted.
4.2.12 Energy Estimation
After reconstruction of the showers and selection of the γ-ray like events
the energy of the shower can be calculated. The energy of the initial γ-ray
is connected with the Cherenkov light emission of the shower. Therefore,
the intensities of the shower images are a good parameter for the energy
estimation. But this connection is affected by further observation parameters
in analogy to what was discussed in the last section. If the shower is further
away from the experiment, which is the case for high zenith angle observations
or a large impact parameter of the shower, the Cherenkov light is affected by
extinction in the atmosphere. The energy of an observed shower is estimated
from the energy of simulated showers. The true energies Etrue of the showers
in the simulations are collected in tables depending on the image intensity
I in a particular camera and the impact parameter b of the shower to the
telescope. The reconstructed energy Ereco of a shower is the mean of the true







The energy resolution was obtained from the comparison of the energies
reconstructed for simulated γ-rays with their true (simulated) energy. The






after applying event selection cuts are shown in Fig. 4.19. Only those events
with a reconstructed energy above the energy threshold were considered. The
RMS of this distribution of 21% is considered as the energy resolution.
4.2.13 Effective Areas
In order to calculate a flux of γ-rays per area the effective area of the exper-
iment is needed. The effective area is defined as the area perpendicular to
the telescope axis in which the experiment is sensitive to detect γ-rays. It
reflects the detection efficiency of the entire experimental setup.
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1400 Figure 4.19: Energy
resolution. The pictures
show the relative error on
the energy reconstruction
as obtained from γ-ray
simulations after applying
event selection cuts. The
width of the distribution
is the energy resolution.
In satellites and detectors at collider experiments the detector material
has a fixed volume and the sensitive area can be calculated in a straight-
forward way. The detector material of Cherenkov telescopes, the atmosphere,
is a natural resource and does not limit the sensitive area. The sensitive area
depends only on the sensitivity of the telescopes to detect showers which
are further away from the telescopes. The intensity of the Cherenkov light
emitted by a shower is connected to the energy of the primary particle.
The Cherenkov light of a high energy shower can be detected at a larger
distance while the light of a low energy shower at that distance may be
already absorbed in the atmosphere. The effective area also depends on
the zenith angle of the observations. At large zenith angles the Cherenkov
light has to pass a larger distance through the atmosphere and therefore low
energy showers cannot be detected. On the other hand, due to the larger
distance the Cherenkov cone has a larger diameter and thus the effective area
is increased. The effective areas also depend on the offset of the source to the
camera centre. The images of showers with a large offset may be truncated
by the edge of the camera and the efficiency is reduced compared to the
camera centre. Finally, the effective areas take into account the efficiency of
the applied event selection cuts as discussed in section 4.2.11.
The effective areas can be determined only from simulations of the de-
tector response. The effective area can be calculated from the number of
showers Nsim simulated in an area Asim using
Aeff = Asim ·
Nsel
Nsim
where Nsel is the number of simulated events which were selected by the event













shows the effective areas
for γ-rays observed at a
zenith angle of 45◦ and
an offset of 0.5◦ after ap-
plying all event selection
cuts. The blue parame-
terisation is used to deter-
mine the effective area for
a particular event.
no shower outside Asim can be detected.
The effective area as a function of the reconstructed energy is shown in
Fig. 4.20 for a zenith angle of 45◦ and an offset of the source direction of
the γ-ray to the centre of the camera of 0.5◦. The large zenith angle of 45◦
was chosen for comparison with observations of the Crab Nebula, which is
presented in section 4.3. The effective area increases steeply in the region
between 500GeV and 800 GeV. Between 800GeV and 10 TeV the distribution
rises gradually and levels out beyond 10TeV. For the configuration shown in
Fig. 4.20 the effective area reaches a maximum of 0.4 km2 at an energy of
10 TeV.
For the interpolation of the effective area between the data points shown
in Fig. 4.20 the distribution is approximated with a fit of the empirical func-
tion
Aeff(E) = p0 · exp(p1E) + p2E4 + p3E3 + p4E2 + p5E + p6
to the distribution. The fit is denoted by the blue line in Fig. 4.20. The
number of photons per area in an energy bin [E, E + ∆E] can be calculated
by the sum of all events i in this range weighted with the inverse of Aeff(E):







Most of the energy spectra observed in VHE astronomy follow a power law.
In the low energy range high fluxes are expected but the effective areas are
















tial γ-ray rate. The
histogram shows the ex-
pected γ-ray rate from the
Crab Nebula after apply-
ing event selection cuts.
The size of each bin is
∆E = 8GeV. The energy
threshold is indicated by
an arrow.
expected flux is low. In order to describe this quantitatively, the differential
γ-ray rate is investigated.









with parameters comparable to the spectrum of the Crab Nebula, ϕ1TeV =
2.9 × 10−11 TeV−1cm−2s−1 and Γ = 2.7. The γ-ray rate expected in the


















The distribution is shown in Fig. 4.21 for a zenith angle of 45◦ and a camera
offset of 0.5◦. It can be seen that the distribution reaches a maximum at
790 GeV, which is defined as the energy threshold. The threshold is relatively
large compared to the design of H.E.S.S. which should detect γ-rays above
100 GeV. The relatively large zenith angle results in an increased threshold.
Additionally, hard image size cuts are applied, which require camera images
with intensities of at least 200 p.e. This cut already rejects low energy events
during the event selection and further increases the energy threshold. Events
below the energy threshold can be detected and reconstructed, but due to
the low efficiency in this region the errors on the flux are relatively large. For
the calculation of a significance of the detection all events will be considered
but only events above the threshold are used for the spectral analysis.
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4.2.15 Angular Resolution
The accuracy or resolution of the reconstructed shower direction is an im-
portant point in the analysis. A good resolution improves the determination
of the source coordinates of point sources and it gives the minimal size of
features of extended sources which can be resolved.
The angular resolution can be inferred from the simulation of the detector
response to a point source. Figure 4.22 shows the distribution of the squared
angular distance θ2 of the reconstructed shower direction from the simulated
direction after applying event selection cuts. This distribution, called the
point-spread function (PSF), can be approximated with a double Gaussian
function [AAB+05b], where one Gaussian denotes the peak and the second















Here, σ1 and σ2 denote the standard deviations of the two Gaussians, Arel is
the ratio of the amplitudes of the two Gaussians and A is a normalisation
factor. This function was fit to the simulated data, the fit parameters are
summarised in Table 4.2. The fit is only of reasonable quality.
The angular resolution is in the order of 0.1◦. It should be noted that the
angular resolution depends on the photon energy. In the simulations used
here the differential photon flux follows a power law with spectral index 2.0.
The parameters of the PSF could deviate from the values presented here for
significantly different photon spectra.
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500 Figure 4.22: Angular
distribution of simu-
lated γ-ray events. The
events were simulated for
a point-like source at a
zenith angle of 45◦ and an
offset to the camera centre
of 0.5◦ and event selection
cuts are applied. The blue








Table 4.2: Fit pa-
rameters of the Point
Spread Function after
event selection. The
resolution is the radius of
a circle around a point
source containing 68% of
the events.
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4.3 Verifying the Analysis Technique
A sample analysis of the standard candle in γ-ray astronomy — the Crab
Nebula — will be presented in this section. The Crab Nebula consists of a
pulsar within a plerionic supernova remnant. It is an ideal standard candle
because of its bright and steady emission. It was detected by all experiments
observing in the VHE energy range, therefore a variety of reference data exist.
The purpose of the analysis presented here is to verify the analysis chain used
in this work and to present the performance of the H.E.S.S. experiment.
4.3.1 Data Set
The data presented here is a subset of Crab observations taken since 2003. A
complete analysis of this data and a discussion of the detector performance
can be found in (author?) [AAB+05b]. Here only the data taken with the
full 4-telescope array are used (data set IV in [AAB+05b]). The data were
taken in November and December of 2004 and consist of 17 runs with a typical
duration of 28 min. The observations were performed in wobble mode, with a
deviation of the source position from the telescope axis of±0.5◦ in declination
or ±0.54◦ in right ascension (in the following called low offset runs), or ±1.6◦
in right ascension (large offset runs). The dead-time corrected exposure time
(live time) is 6.8 h. The data were taken at zenith angles between 44◦ and
55◦ with a mean of 48◦.
Only those data passing quality checks were considered for analysis. The
quality criteria require a stable tracking, a minimum of problematic pixels in
each camera and a constant trigger rate. The standard H.E.S.S. calibration,
event selection and reconstruction techniques as described in sections 4.2.8,
4.2.9 and 4.2.11 were applied.
A list of the used runs along with typical run parameters is given in
Table A.1.
4.3.2 Background Estimation
As the γ-ray emission of the Crab Nebula is point-like the background can be
estimated from the same field of view. Circular regions of 0.9◦ diameter were
chosen for both on-source and background (off-source) regions. In case of
the small offset runs, the background has been estimated in each run from a
region mirrored at the camera centre. The on-source regions and the positions
of the off-source regions are shown in the left panel of Fig. 4.23. The two
background regions west of the Crab Nebula belong to different runs with






































Figure 4.23: Crab off-source regions. The picture shows the sky maps
of the γ-ray like events obtained in the small offset runs (left panel) and
large offset runs (right panel). The on-source regions are marked with red
circles. The off-source regions are marked with white circles. The observation
positions are denoted by asterisks. The sky maps are smoothed and thus the
colour bars denote arbitrary counts.
regions. The off-source regions were arranged in a circle around the camera
centre such that they have the same offset to the camera centre as the on-
source region and no correction for the camera acceptance is necessary. The
right panel of Fig. 4.23 shows the on-source region and off-source regions for
the large offset runs. The seemingly overlapping background regions north
and south of the source are in fact independent as they belong to different
runs.
The number of excess events in all runs can be calculated from the number
of on-source events, Non,i, the number of off-source events, Noff,i and the










The excess can also be calculated from the total number of detected on-source
and off-source events, Non =
∑
i Non,i and Noff =
∑
i Noff,i respectively. This
is required for the calculation of the significance according to (author?)
[LM83]. The excess calculated from Non and Noff is
Nex = Non − αNoff .














Figure 4.24: Angular distribution of γ-rays from the Crab Nebula.
The black data points denote the on-source events, the red histogram denotes
the scaled off-source events. The event selection has been applied. The
blue line is the result of a fit of the PSF (including a constant term for the
background) where only the parameter A was varied freely. The dashed line
represents the applied θ2 cut of 0.01deg2.
4.3.3 Signal and Sensitivity
The angular distribution of the γ-ray like events from the direction of the
Crab Nebula is shown in the θ2-plot in Fig. 4.24. The angle θ is the distance
between the γ-ray and the nominal source position (RA 5h34min32s, Dec
22◦0′52′′) which was obtained from radio observations [HT99]. The back-
ground was estimated from the off-source regions and scaled according to
equation (4.2). The applied θ2 cut is denoted by a dashed line. This cut
represents a circular region around the nominal source position with a ra-
dius of 0.1◦. Within this region a clear excess of γ-rays of 1020 ± 30 events
is obtained. The statistical significance of the signal, calculated using the
likelihood ratio method of (author?) [LM83, eq. 17], is 40 σ. Using the
cuts applied here, H.E.S.S. can detect sources with a flux similar to that of
the Crab Nebula with a significance of 5 σ within 6 minutes. All results are
summarised in Table 4.3.
The blue line in Fig. 4.24 is the result of fits of the PSF (eq. 4.1) with an
additional constant term for the background where only the parameter A was
varied freely. The fit is of good quality (χ2/ndf = 119.7/99), indicating that
it is reasonable to consider the Crab Nebula as a point-source for H.E.S.S.
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number of on-source events 1036
number of off-source events 26
off-source scaling factor α 0.69
number off excess events 1020± 30
significance 40 σ
live time [s] 24757
γ-ray rate [min−1] 2.5± 0.1






ϕ1TeV [10−11 TeV−1cm−2s−1] 3.5± 0.2
Γ 2.81± 0.05
Φ(E > 1 TeV) [10−11 cm−2s−1] 1.9± 0.1
χ2/ndf 9.0/12
Table 4.3: Results of the Crab observations.
4.3.4 Position Reconstruction
The previous section showed that an excess of γ-rays at the nominal position
of the Crab Nebula can be obtained. For the analysis of unknown sources
and the morphology of extended sources it is important that the correct
position of the source can be reconstructed. Figure 4.25 shows a sky map of
the excess in the direction of the Crab Nebula. The sky map was obtained
by subtracting the normalised off-source events from the on-source events.
From this sky map the position of the γ-ray excess is calculated.
The squared angular distance to the source is
θ2(RA, Dec) = (RA− 〈RA〉)2 · cos2(Dec) + (Dec− 〈Dec〉)2
where RA and Dec are the coordinates of a bin and <RA> and <Dec>
denote the position of the source in right-ascension and declination. The
correction factor cos(Dec) calculates the angle parallel to the right-ascension
axis. One can write the PSF (eq. 4.1) in two dimensions as







































Map of the Crab data.
The colour bars denote
numbers of excess events.
The white contours de-
note circles containing
68.3%, 95.5% and 99.7%
of the events of the point
spread function fit. The
best fit position of the
sources is denoted by
the cross. The red circle
denotes the on-source
region as in Fig. 4.23.
sky map shown in Fig. 4.25. In the fit the parameters σ1, σ2, A01 and Arel
were fixed to those values obtained from simulations (Table 4.2). Since due
to the low statistics not all bins are filled (white bins within the red circle
in Fig. 4.25), a likelihood minimisation was chosen. The obtained position
is marked with a cross, the result is shown in Table 4.3. The systematic
error of the mechanical pointing is 30′′ [Gil03, Gil04]. The obtained result
is compared the result of (author?) [Gil04] based on H.E.S.S. data and
the measurement by the HEGRA collaboration [AAB+04] in Fig. 4.26. The
position of the Crab Nebula can be reconstructed with good accuracy.
4.3.5 Differential Energy Spectrum
The differential energy spectrum of γ-rays from the Crab Nebula is shown in








to the data with the flux normalisation at 1 TeV, ϕ1TeV and the spectral
index Γ. The fit is of very good quality and the resulting parameters are
1Note that the parameters A for the 1-dimensional PSF and A0 for the 2-dimensional
PSF differ by a factor of A0/A = 0.099. This factor is due to the different areas covered



















of the Crab Nebula.
Shown are the best fit
positions obtained in this
work, a previous mea-
surement using H.E.S.S.
data [Gil04] and the
position as published by
HEGRA [AAB+04]. The
nominal position of the
pulsar [HT99, from radio
measurements] is denoted
by the cross. The error
bars are 1 σ statistical
errors, the systematic
uncertainties are denoted
































of the Crab Nebula.
The solid line is the result
of a power-law fit.
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summarised in Table 4.3. From these parameters the integral flux above
1 TeV, defined as









can be calculated to be (1.9±0.1)×10−11 cm−2s−1. The results are in a very
good agreement with preliminary results obtained with the same configura-
tion by (author?) [AAB+05b]. The systematic uncertainties of the obtained
spectral parameters are 0.1 for the spectral index Γ and 20% on the fluxes
[AAB+05b].
Figure 4.28 shows the flux normalisations and spectral indices of differ-
ent measurements in comparison. The H.E.S.S. data was obtained from the
southern hemisphere, while the other experiments are on the northern hemi-
sphere. Therefore, H.E.S.S. observations were carried out at a larger zenith
angle resulting in a higher energy threshold. Additionally, a hard image size
cut was used in the analysis of the H.E.S.S. data which further increases the
energy threshold. The slightly larger spectral index obtained by H.E.S.S.
could arise from the higher energy threshold if the spectrum of the Crab
Nebula would become steeper at higher energies. The current data gives a
hint for a steepening of the spectrum at higher energies which is currently
under investigation [MBv05, AAB+05b].
4.3.6 Conclusion
It has been shown that H.E.S.S. can detect the Crab Nebula with high sig-
nificance. The energy spectrum in the range between 780 GeV and 40 TeV
and the position in the sky can be reconstructed. Sources with a photon
flux in the order of the flux from the Crab Nebula can be detected with a
significance of 5 σ within 6 minutes. The direction of a single γ-ray can be
reconstructed with an angular resolution of 0.09◦, and the energy of the γ-
rays can be calculated with an accuracy of ≈ 20%. H.E.S.S. is thus an ideal
instrument for the observation of γ-ray sources.
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parison of the Crab
spectra. Shown are the
flux normalisation ϕ1TeV
and the spectral index
Γ obtained in this work,
preliminary H.E.S.S.
results by (author?)
[AAB+05b] and the pre-
vious results by HEGRA
[AAB+00, AAB+04] and
Whipple [HAB+98]. The
solid bars denote 1 σ
statistical errors, the





We have seen that H.E.S.S. is an ideal instrument for the observation of γ-ray
sources. The shell-type supernova remnant RXJ0852.0−4622 as a source of
synchrotron emission is a candidate for γ-ray emission and the acceleration
of cosmic rays. In this chapter the observation of RXJ0852.0−4622 with
H.E.S.S. and the analysis of this data are presented. The existence of γ-ray
emission will be proved for the entire remnant, and a differential photon en-
ergy spectrum will be reconstructed for the entire remnant. The morphology
of the γ-ray emission will be compared with X-ray measurements. Addition-
ally, dedicated parts of the remnant will be analysed — the CANGAROO
emission region and the compact central source. The systematic uncertain-
ties of the measurement will be discussed in detail. A short discussion of the
observations concludes this chapter.
5.1 Data Set
5.1.1 On-Source Data
RXJ0852.0−4622 has been observed with the H.E.S.S. telescopes for 4.5 h
in February 2004. In total, 9 runs have been taken in wobble mode, with
observation positions deviating ±0.5◦ in declination from the nominal source
position (RA 8h52.m0, Dec −46◦22′ [Asc98]). One run did not pass the run
quality selection due to passing clouds (the trigger rate and radiometer tem-
perature of this run are shown in the left panel of Fig. 4.11 and discussed in
section 4.2.6). The remaining 8 runs which were used in the analysis have
a total, dead time corrected exposure time (live time) of 3.16 h. Data with
83
zenith angle [deg]













Figure 5.1: Zenith angle
distribution of on-source
and off-source data.
1.95 h of live time (62% of the total live time) were taken at the wobble
position Dec +0.5◦, 1.21 h (38% of the total live time) at the wobble posi-
tion Dec −0.5◦. Technical problems with the newly installed telescope CT1
did not allow to use the data of this telescope. Therefore, the showers were
reconstructed using the data of the three remaining telescopes only. The
zenith angle distribution of the data is shown in Fig. 5.1. The distribution
is very narrow and thus all runs have a comparable energy threshold. The
mean of the distribution is 24.5◦ which is smaller than the zenith angle of
45◦ discussed in chapter 4. A summary of the parameters of the individual
runs is given in Table A.2.
5.1.2 Off-Source Data
Due to the large extension of RXJ0852.0−4622 of 2◦, it is not possible to
estimate the background from the same field of view. The background level
has to be estimated from observations of sky regions without γ-ray sources. In
the initial observation period, no dedicated off-source runs have been taken
for RXJ0852.0−4622. For the determination of the background off-source
runs taken for the supernova remnant RXJ1713.7−3946 were used.
RXJ1713.7−3946 was observed with H.E.S.S. between April and June
2004 including dedicated off-source runs at two different positions. The
observation positions off the off-source runs are (RA 16h43m33.s59, Dec
−39◦45′44′′, pos 1) and (RA 17h43m33.s59, Dec −39◦45′44′′, pos 2). A sample
of off-source runs with good weather quality and a mean zenith angle com-
parable to the on-source data of RXJ0852.0−4622 were chosen, a summary
of the runs can be found in Table A.3. The total live time of the off-source
runs is 4.71 h. The zenith angle distribution is shown in Fig. 5.1. The mean
value of 24.6◦ corresponds to the mean value of the on-source data. The
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350 Figure 5.2: Radial
distribution of simu-
lated γ-ray events. The
events were simulated for
a point-like source at a
zenith angle of 20◦ and an
offset to the camera cen-
tre of 0.5◦. The blue line
represents the PSF.
distribution has two maxima at lower and higher zenith angles than those
of the on-source data. Systematic uncertainties arising from this fact will be
estimated in section 5.8.2.
5.2 Analysis
For the analysis of the data, the calibration, image cleaning and event recon-
struction methods discussed in chapter 4 were applied. There are some dif-
ferences between the observations of RXJ0852.0−4622 and the Crab Nebula.
The zenith angle of the observations of RXJ0852.0−4622 is lower and one
telescope needed to be excluded from the analysis. Additionally, the large
extension of RXJ0852.0−4622 does not allow to estimate the background
from the on-source runs.
5.2.1 Angular Resolution
Figure 5.2 shows the angular distribution of simulated events for a point
source at a zenith angle of 20◦ after applying event selection cuts. The point
spread function (eq. 4.1) was fit to the distribution. The obtained parameters
are summarised in Table 5.1. The angular resolution, the radius of a circle
containing 68% of all events, is 0.09◦, comparable to the angular resolution
of the Crab observations.
The use of an integration radius of 0.1◦ in the correlated sky maps is
based on the optimisation of the θ2 cut on maximal significance per
√
h for a









Table 5.1: Fit pa-
rameters of the Point
Spread Function. The
resolution is the radius of
a circle containing 68% of
the events.
5.2.2 Energy Threshold
Due to the smaller zenith angle of the RXJ0852.0−4622 observations com-
pared to the Crab observations a lower energy threshold is expected. Fig-
ure 5.3 shows the differential γ-ray rate expected from a point source of the
strength of the Crab Nebula at a zenith angle of 20◦. The energy thresh-
old is 350GeV which is is lower than the threshold for Crab observations
of 790 GeV and allows a spectral analysis of RXJ0852.0−4622 over a wider
energy range.
5.2.3 Background Estimation
A sky map of the on-source data after applying event selection cuts is shown
in Fig. 5.4. The sky map is shown in correlated bins, at each bin position
the events in a circular region with a radius of 0.1◦ are integrated, the size
of the integration region is denoted by the white circle. The integration
radius is obtained from the optimisation of the angular cut on point source
simulations. The acceptance of the cameras drops off toward the edge of
the cameras. Therefore, the distribution of the events is not uniform. High
statistics of events around the observation positions can be seen in Fig. 5.4.
The observation positions are marked with crosses. A ring-like structure
near the centre of Fig. 5.4 can be seen, but the data are dominated by the
background making a background subtraction necessary.
In the bottom row of Fig. 5.5 the sky maps of the off-source data at the
different observation positions after applying event selection cuts are shown.
From these sky maps the background level at the on-source observation po-
sition was estimated.
When estimating the background from off-source data, several things have
to be taken into account. The off-source data were taken at different sky
positions than the on-source data and the on-source data is a superposition
of two wobble offsets. The off-source data (shown in the bottom row of
Fig 5.5) must be moved such that the observation position (denoted by the




















γ-ray rate expected from
a point source with the
spectral index of the Crab
Nebula to be obtained at
a zenith angle of 20◦ and
an offset to the camera
centre of 0.5◦. The energy
























Figure 5.4: Sky map of
RX J0852.0−4622 on-
source data. This pic-
ture shows the VHE γ
rays from the direction
of RXJ0852.0−4622 (on-
source data). The bins
are correlated, integrating
the events in a circle with
radius 0.1◦ which is de-
noted by the white circle.
The observation positions
are marked with crosses.
The colour bar denotes





























































Figure 5.5: Background construction. Sky Maps of the on-source data
(top) and off-source data (bottom) after applying event selection cuts are
shown. The crosses denote the observation positions. The arrows indicate
the construction of the background. 62% of the off-source events are assigned






















Figure 5.6: Sky map
of RX J0852.0−4622 back-
ground data. The back-
ground was obtained using
the method illustrated in
Fig. 5.5. The bins are corre-
lated (0.1◦, white circle), the
colour bar denotes the num-
ber of counts.
Fig. 5.5). In order to consider the different offsets of the on-source data with
the appropriate live time, each off-source event has been counted twice, with
a weight w = 0.62 at the wobble +0.5◦ position (dashed arrow in Fig 5.5) and
a weight w = 0.38 at the wobble −0.5◦ position (dotted arrow in Fig 5.5).
The error on the Noff =
∑N
i=1 wi off-source counts in a certain sky bin has







to avoid underestimation of the error by counting the events twice. A sky
map of the resulting background is shown in Fig. 5.6. The coordinates of the
background events are at the position of RXJ0852.0−4622 and the off-source
data cover the two wobble observation positions.
The background estimation for the spectrum determination was made
differently. Each event was counted only once with a weight w = 1. A
fraction of 62% of all off-source events were assigned to the wobble +0.5◦
position and 38% of all events to the wobble −0.5◦ position.
89
]2 [deg2θ













The on-source data is shown
as data points. The his-
togram denotes the off-source
data normalised according
to the live time. The angle
θ is the angular distance
of the γ-ray direction from
the centre of the supernova
remnant.
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cess. The plot shows the
distribution of the excess
of γ-rays as function of the
angular distance from the
direction of the centre of the
SNR. The applied θ2 cut
(θ2 < 1 deg2) is denoted by
the dashed line.
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5.3 Results for the Entire SNR
5.3.1 Detection of the Signal
Figure 5.7 shows the on- and off-source counts as a function of θ2, where θ is
the angular distance of the events from the centre of the SNR at (RA 8h52.m0,
Dec −46◦22′). The good agreement of on- and off-source data in the region
outside the SNR (θ2 > 1deg2) justifies the use of the chosen background.
The distributions are not flat as the instrument’s acceptance drops toward
the edge of the field of view. In the region θ2 ≤ 1deg2 a clear excess of events
can be seen. The radial distribution of the excess, obtained by subtracting
the live-time normalised background from the on-source events, is pictured in
Fig. 5.8. According to the extension of the SNR as seen in X-rays, a circular
region with a radius of 1◦ represented by a cut θ2 ≤ 1deg2 was chosen.
Within this region 2302 on-source events and 2425 off-source events were
found. The scaling factor α is the ratio of the live times τ of the on-source
data and off-source data, α = τon/τoff . The excess can be calculated using
Nex = Non − α ·Noff ,
∆Nex =
√
Non + α2 ·Noff
to be 670± 60 events. The statistical significance of the signal according to
(author?) [LM83, eq. 17] is 11.9σ. The obtained values are summarised in
Table 5.2.
5.3.2 Spectrum
From the excess of γ-rays a differential photon flux spectrum was obtained
which is shown in Fig. 5.9. The individual data points for the different bins
are summarised in Table 5.3. The energy given for each bin is the mean
energy of all events in this bin. The error on the energy is one standard
deviation, obtained by dividing the RMS by the square root of the number
of events in this bin. The last data point does not have enough statistics
to calculate a flux. An upper limit with 99.9% confidence level (C.L.) was
calculated using the unified approach for small signals of (author?) [FC98].










The obtained results from a χ2 minimisation fit, without taking the upper
limit into account, are summarised in Table 5.2. The integral flux above
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number of on-source events 2302
number of off-source events 2425
off-source scaling factor α 0.671
number off excess events 670± 60
significance 11.9 σ
live time (on) [s] 11368
γ-ray rate [min−1] 3.5± 0.3




ϕ1TeV [10−11 TeV−1cm−2s−1] 2.1± 0.2
Γ 2.1± 0.1
Φ(E > 1 TeV) [10−11 cm−2s−1] 1.9± 0.2
χ2/ndf 4.3/4
Table 5.2: Results
























photon flux spectrum of
RX J0852.0−4622. The er-
ror bars denote ±1 σ statis-
tical errors. The arrow de-
notes an upper limit (99.9%
C.L.). The line is the result
of a power law fit to the data
with χ2/ndf = 4.3/4. The up-
per limit was not included in
the fit.
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E [TeV] ϕ [10−12TeV−1cm−2s−1]
0.3622± 0.0007 (9.5+9.3−9.0) 10−10
0.484± 0.003 (8.8± 0.2) 10−11
1.063± 0.009 (1.8± 0.3) 10−11
2.01± 0.02 (5.8± 0.8) 10−12
4.02± 0.06 (1.2± 0.2) 10−12
7.2± 0.2 (2± 1) 10−13
13.8± 0.6 < 1.4 10−13 (99.9% C.L.)
Table 5.3: Data points of
the differential pho-
ton flux spectrum
of the entire SNR
RX J0852.0−4622.
1 TeV was calculated from the fit parameters according to equation (4.3),
and it is at the level of the flux of the Crab Nebula at these energies.
5.4 Morphology
The spatial distribution of the excess of γ-rays from the direction of RX
J0852.0−4622 is shown in sky maps in Fig. 5.10. The area of the bins in the
left panel is approximately that of a circle with a radius of 0.1◦ corresponding
to the angular resolution of the instrument. This picture shows the excess in
independent bins but with low resolution. The right panel of Fig. 5.10 shows
the distribution of the excess with much finer detail. This sky map was
obtained by integrating the excess in a circle with a radius of 0.1◦ around the
centre of each bin. The integration area is denoted by the white circle. The
radius of the circle was derived from the optimisation of the event selection
cuts on point-like sources and is in the order of the angular resolution. The
individual bins are correlated. The transformation of the celestial sphere
to the sky maps is not area-preserving. Thus, the sky bins and integration
circles do not have equal areas over the field of view. A discussion of this
effect can be found in section 5.8.5.
A significance map of the sky region is shown in Fig. 5.11. Similar to the
excess sky map in the right panel of Fig. 5.10, the significance was calculated
from the on-source and off-source counts within a circle with 0.1◦ radius
around each bin. The large circles in Fig. 5.11 are the integration regions for
the analysis of the entire remnant (section 5.3, solid circle), the CANGAROO
emission region (section 5.5, dashed circle) and the compact central source
(section 5.6, dotted circle).
The γ-ray emission of RXJ0852.0−4622 is a ring-like structure with a
radius of ≈ 1◦. Significant emission can be seen from the northern, north-







































Figure 5.10: Excess map of RX J0852.0−4622. The colour bars denote
excess counts. Left panel: The sky map is subdivided into bins of 0.18◦ ×
0.18◦. Right panel: For each bin the excess in a circle with a radius of 0.1◦
is integrated. Therefore, the bins are correlated. The integration region is

























is calculated from the
on- and off-source events
integrated in a circle
of 0.1◦ radius as it was
done for Fig. 5.10 (right
panel). The integration
area is denoted by the
white circle in the lower
left corner. The large
circles denote he inte-
gration regions for the
entire SNR (solid line),
the CANGAROO emis-




the shell is the brightest emission region.
5.4.1 Correlation with X-ray Data
As the X-ray and γ-ray emission may be originating from the same popula-
tion of parent particles, the correlation of the emission regions was analysed.
Two X-ray measurements were chosen for a correlation analysis. The ROSAT
data was taken in an All-Sky-Survey [VAB+99] but with the advantage of a
complete coverage of the SNR and acceptance corrected data with the dis-
advantage of low statistics. The ASCA satellite observed RXJ0852.0−4622
with very high statistics but did not cover the entire remnant [SHE+01].
Figure 5.12 shows correlated sky maps of the H.E.S.S. excess overlaid with
contours of the ROSAT and ASCA measurements. All data were integrated
in circles with a radius of 0.1◦ corresponding to the resolution of the γ-ray
measurement. It can be seen that the γ-ray emission is correlated with the
emission in X-rays. It should be noted that the ROSAT measurement is
contaminated with emission from the Vela SNR (west of RXJ0852.0−4622)
and of RCW37 (east of RXJ0852.0−4622) which were not detected in this
data set.
For a quantitative analysis the sky maps (in a field of view of 3◦ × 3◦)
of γ-rays and X-rays were subdivided into 100 bins of 0.3◦ × 0.3◦ size. The
correlation coefficient, defined as
% =
∑N





was calculated from γi and Xi, the numbers of γ-ray counts and X-ray counts
in bin i, respectively. γ and X are the mean values of the γ-ray and X-ray
counts. Assuming Gaussian error propagation of σγ,i =
√
Non,i + α2Noff,i on
the γ-ray counts and σX,i =
√
Xi on the X-ray counts in bin i, the error on














(see also [SL05]). For highly correlated or anti-correlated data, the confi-
dence interval % ± σ(%) could leave the allowed region between −1 and 1.
Asymmetric errors which ensure that the confidence interval is always within
the allowed region (−1 ≤ % ≤ +1) can be calculated using the Gaussian
shape of the distribution ζ = atanh(%). The function atanh maps the inter-










































Figure 5.12: Excess maps of γ-rays and X-rays. The sky maps show
the γ-ray excess counts in correlated bins (0.1◦, white circle in the lower
left corner of each plot). The colour bar denotes excess counts. The overlaid
contour lines are X-ray counts in correlated sky bins. Left panel: The contour
lines denote 20, 40, 60, 80, 100 and 120 X-ray counts from the ROSAT All-
Sky Survey. Right panel: The contour lines denote 0 to 25000 counts in steps
of 2500 counts of the ASCA measurement. The lowest contour line frames
the ASCA observation region which does not cover the entire field of view.
atanh(correlation coefficient)







-1.5 -1 -0.5 0 0.5 1 1.5 Figure 5.13: Simula-
tion of correlation
coefficients. In to-
tal 106 data sets, hav-
ing 100 data points
in each set, with a
true correlation coef-
ficient of 0.65 were
simulated. The blue
line represents the fit
of a Gaussian func-




σ(ζ) = ± σ(%)
1− %2
. (5.2)
The symmetric confidence interval ζ ±σ(ζ) can be translated back using the















The calculations of the correlation coefficient and its asymmetric errors
were verified in a simulation. Data sets with 100 data points each (corre-
sponding to the 100 bins in the analysis) were simulated. The data points
(nγ,nX) have a true correlation coefficient of 0.65. Each data point was
smeared out to simulate Gaussian errors of ±√nγ and ±
√
nX on the γ-ray
counts nγ and X-ray counts nX, respectively. Figure 5.13 shows the distribu-
tion of the calculated correlation coefficients in a simulation of 106 data sets.
It can be seen that the correlation coefficients follow a Gaussian distribution
in atanh(%). The width of the distribution is the error σ(ζ) (eq. 5.2). It can
be seen that most of the calculated correlation coefficients underestimate the
true correlation coefficient, a result of the smearing due to statistical fluc-
tuations. Therefore, it is likely that the true correlation of the γ-rays and
X-rays will be higher than calculated.
Correlation with ROSAT Data
The ROSAT data are from the ROSAT All-Sky Survey taken with the PSPC
detector in scanning mode [VAB+99]. It was extracted from the data base
[ROS05] restricting the energies to above 1.3 keV in analogy to the initial
detection of (author?) [Asc98]. The data are contaminated with low energy
emission of the Vela SNR. The emission from RCW37 is outside the field of
view chosen for this correlation analysis.
In the upper panels of Fig. 5.14 the sky maps of γ-ray and X-ray counts
are shown, covering a field of view of 3◦ × 3◦ and subdivided into 100 bins
of 0.3◦ × 0.3◦ size. The lower panel of Fig. 5.14 shows the γ-ray and X-ray
counts in each bin in a correlation plot. A correlation coefficient of 0.65+0.06−0.07


























































Figure 5.14: Correlation with ROSAT data. Shown are the sky maps of
the H.E.S.S. data (upper left panel) and ROSAT data (upper right panel).
The bins have a size of 0.3◦ × 0.3◦. Lower Panel: Correlation plot of X-ray
counts vs. γ-ray counts.
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Correlation with ASCA Data
X-ray observations of RXJ0852.0−4622 were carried out with the GIS detec-
tors of the ASCA satellite. Data at seven distinct pointing positions with a
duration of ≈ 17 ks at each position were taken which do not cover the com-
plete SNR [SHE+01]. The lowest contour line in the right panel of Fig. 5.12
denotes the observation region.
The correlation coefficient was calculated in the same way as for the
ROSAT data. The upper panels of Fig. 5.15 show the sky maps of the γ-ray
and ASCA X-ray measurement. Only those 58 bins having X-ray data were
considered for the correlation analysis. The lower panel of Fig. 5.15 shows
the correlation plot of γ-ray and X-ray counts. A correlation coefficient of
0.61+0.08−0.10 was obtained. This value is in good agreement with the correlation
coefficient obtained with the ROSAT data. The high correlation between






















































Figure 5.15: Correlation with ASCA data. Shown are the sky maps
of the H.E.S.S. data (upper left panel) and ASCA data (upper right panel).
The bins have a size of 0.3◦ × 0.3◦. Lower Panel: Correlation plot of X-ray




gion. On top of the corre-
lated H.E.S.S. excess map
the significance region of
the CANGAROO mea-
surement is shown (grey
contour line, [KEK+05])
as well as the integration
region for the H.E.S.S.
data used in this work
(dashed circle). The
white circle in the lower
left corner denotes the in-
tegration region of the sky
bins.
5.5 The CANGAROO Emission Region
While H.E.S.S. observed γ-ray emission from the entire remnant, CANGA-
ROO detected γ-rays from only a part of the remnant [KEK+05] which is
shown in Fig. 5.16. To compare the H.E.S.S. results with CANGAROO, a
circular region around (RA 8h49m0s, Dec 45◦39′) with a radius of 0.2◦ was
chosen, which encloses the region of highest significance of the CANGAROO
measurement. This region is denoted by the dashed circle in Fig. 5.16. An
excess of 60± 10 γ-rays with a significance of 4.9 σ was found. The number
of on- and off-source counts are summarised in Table 5.4. The differential
photon flux spectrum is shown in Fig. 5.17, the data points are summarised
in Table 5.5. The data are well described by a power law. The spectral pa-
rameters obtained from a fit are summarised in Table 5.4. The spectral index
is in good agreement with the measurement for the entire SNR. The integral
flux above 1 TeV is at the level of 11% of the flux of the entire remnant.
5.6 The Compact Central Source
To search for emission from the compact central source candidate a circular
region with a radius of 0.1◦, corresponding to the cut optimised for the search
for point sources, around AXJ0851.9−4617.4 was chosen. An excess of 9± 6
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number of on-source events 117
number of off-source events 87
off-source scaling factor α 0.671
number off excess events 60± 10
significance 4.9 σ
live time (on) [s] 11368
γ-ray rate [min−1] 0.32± 0.05
significance gain 2.8 σ/
√
h
energy threshold 0.35 TeV
ϕ1TeV [10−12 TeV−1cm−2s−1] 2.6± 0.6
Γ 2.3± 0.3
Φ(E > 1 TeV) [10−12 cm−2s−1] 2.0± 0.5
χ2/ndf 0.56/4

























tial photon flux spec-
trum for the CANGA-
ROO emission region.
The error bars are ±1 σ
statistical errors. The
blue line represents the re-
sult of a fit of a power law
to the data with χ2/ndf =
0.56/4.
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E [TeV] ϕ [10−12TeV−1cm−2s−1]
0.50± 0.02 (1.4± 0.5) 10−11
1.07± 0.04 (1.7± 0.9) 10−12
2.1± 0.1 (5.2± 0.2) 10−13
4.1± 0.3 (1.0+1.0−0.9) 10−13
7.6± 0.3 (2.8+3.7−1.8) 10−14
12.4± 0.8 (1.1+1.4−0.7) 10−14





number of on-source events 26
number of off-source events 26
off-source scaling factor α 0.671
number off excess events 9± 6
significance 1.4 σ
live time (on) [s] 11368
γ-ray rate [min−1] 0.05± 0.03
significance gain 0.8 σ/
√
h
Table 5.6: Results for
AX J0851.9−4617.4.
events was found, which is not statistically significant (1.4 σ). The results
are summarised in Table 5.6.
From the observed events upper limits on the integral flux are calculated
according to [FC98]. The upper limits are shown in Table 5.7. In order
to confirm the measured γ-ray rate with 5 σ significance a total observation
time of 39 h would be needed.
5.7 Cross Check using Alternative Background
Data
For a cross check a second data set has been chosen to estimate the back-
ground. This data set belongs to observations of the Vela pulsar (PSR
energy threshold integral flux [cm−2s−1]
> 500 GeV < 1.9× 10−12
> 750 GeV < 1.3× 10−12
> 1 TeV < 1.1× 10−12
> 2 TeV < 2.8× 10−13
Table 5.7: Upper limits




B0833−45) with an observation position at (RA 8h35m21s, Dec −44◦40′30′′).
The Vela pulsar is located in a similar region of the sky like RXJ0852.0−4622
and the data were taken in the same period. While these properties make the
data set ideal for background estimation, the emission of γ-rays from the Vela
pulsar wind nebula [KMH05] contaminates the estimated background. A sky
map of the background after applying event selection cuts and transformed
to the position of RXJ0852.0−4622 is shown in Fig. 5.18, the contaminated
region is marked with the dashed circle. The mean zenith angle of this data
set of 27.3◦ is slightly larger than that of the on-source observations. A sum-
mary of the runs can be found in Table A.4. The total live time of these runs
is 2.87 h.
The contamination of the background affects the region 1◦ – 2◦ south of
the observation position. This background can be used only for on-source
data where this region is outside the SNR, which are the runs with a wobble
offset of −0.5◦ (3 runs with a live time of 1.2 h).
Figure 5.19 shows the radial distribution of the excess of γ-rays ob-
tained by subtracting the background from the wobble −0.5◦ runs on RX
J0852.0−4622. A negative excess in the contaminated region can be seen.
An excess of 240 ± 30 events with a significance of 7.4 σ has been found.
Even though the significance is lower than calculated in section 5.3.1, which
is due to the lower numbers of on- and off-source counts, the existence of
γ-ray emission can be confirmed using this alternative background data set.
A sky map of the excess is shown in Fig. 5.20. The contaminated region is
marked with a circle, a clear negative excess in this region can be seen. The
γ-ray emission is predominantly from the western and north-western part of
the remnant. Apart from the low statistics in this data set, the distribution
of the excess roughly confirms the morphology shown in Fig. 5.10.
The differential photon flux spectrum is shown in Fig. 5.21. The results of
a power law fit are summarised in Table 5.8. The parameters obtained here
are, within statistical errors, in good agreement with the results using the
standard background data set. From the difference of the results obtained
here and the result presented in Table 5.2 systematic uncertainties can be
estimated. The uncertainties are conservatively 0.2 min−1 (6%) on the γ-ray
rate, 0.3 × 10−11 TeV−1cm−2s−1 (14%) on the flux normalisation, 0.2 on the
spectral index and 0.1 × 10−11 cm−2s−1 (5%) on the integral flux. Further




















Figure 5.18: Sky map of
the alternative back-
ground. The data are
shown in correlated bins
(0.1◦, white circle in the
lower left corner). The
dashed circle denotes the
region contaminated by
possible emission of a γ-
ray source. The obser-
vation position is marked
with a cross. The colour
bar denotes number of
counts.
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ground in the region
1 deg2 ≤ θ2 ≤ 4 deg2 is
contaminated by possible
γ-ray emission resulting



















sky map obtained with
the alternative back-
ground. The excess is
shown in correlated bins
(0.1◦, white circle in the
lower left corner). The re-
gion contaminated by γ-
ray emission of a possible
source in the background
data set is marked with
the dashed circle. The























tial photon flux spec-
trum obtained with
the alternative back-
ground. The error bars
denote ±1 σ statistical er-
rors. The line is the result
of a power law fit to the
data with χ2/ndf = 0.4/4.
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number of on-source events 883
number of off-source events 1526
off-source scaling factor α 0.420
number off excess events 240± 30
significance 7.4 σ
live time (on) [s] 4342
γ-ray rate [min−1] 3.3± 0.4




ϕ1TeV [10−11 TeV−1cm−2s−1] 2.4± 0.6
Γ 2.3± 0.4
Φ(E > 1 TeV) [10−11 cm−2s−1] 1.8± 0.5
χ2/ndf 0.4/3






The measured flux depends on the chosen on-source region and the back-
ground estimation. The spectral parameters are calculated from a fit to a
binned spectrum, the chosen binning turned out to have an impact on the
spectral parameters. In order to validate the atmospheric conditions used
in the simulations a cross-check with an alternative atmospheric model was
performed. The sky maps shown in this work are not area conserving, the
resulting uncertainty is discussed. At the end of this section the systematic
uncertainties on the flux and the spectral parameters are summarised.
5.8.1 Selection of Emission Region
The region which was analysed as emission region of the entire SNR was
chosen a priori to be a circle with a radius of 1◦, based on X-ray observations.
This may not be the exact γ-ray emission region. The analysis was remade
for circular regions of 0.95◦ (θ2 = 0.9deg2) and 1.05◦ (θ2 = 1.1deg2). The
results for these cuts are summarised in Table 5.9. The larger cut yields
similar results to those obtained with the a priori cut (Table 5.2), although
with less significance. No further excess can be gained using a larger area.
The rate using the lower cut is significantly lower, obviously cutting into
the emission region. The a priori chosen cut describes the emission region
appropriately.
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θ2 ≤ 0.9deg2 θ2 ≤ 1.1deg2
number of on-source events 1890 2601
number of off-source events 2033 2863
off-source scaling factor α 0.671 0.671
number off excess events 530± 50 680± 60
significance 10.2 σ 11.1 σ
live time (on) [s] 11368 11368
γ-ray rate [min−1] 2.8± 0.3 3.6± 0.3





Table 5.9: Variation of the angular cut.
5.8.2 Variation of the Background
The zenith angle (ZA) distribution of the background data does not match
the zenith angle distribution of the on-source data set. It can be seen in
Fig. 5.1 that the background data comprise two sets with zenith angles
around 19◦ and around 32◦. To estimate the influence of the zenith an-
gle, the background data set has been divided into these two sets, in the
following on called low ZA set and high ZA set, respectively. After normali-
sation according to the live time 1770 off-source events in the low ZA set and
1450 off-source events in the high ZA set were found. Figure 5.22 shows these
data points as a function of the zenith angle. From the linear interpolation
f(ZA) = −(24± 4)× (ZA/1◦) + (2200± 120)
the number of off-source events at a zenith angle of 24.5◦ (the mean zenith
angle of the on-source data) can be estimated to be 1650± 30 events. In the
estimation of the error, the correlation between the two parameters of the
linear function has been taken into account. From this number of off-source
events the excess can be calculated to be 650±30 at a rate of 3.4±0.2 min−1
which is in good agreement with the results summarised in Table 5.2. The
difference between the γ-ray rates obtained here and presented in Table 5.2
is 0.1 min−1 (3%).
5.8.3 Variation of the Binning in the Spectral Fit
The spectral parameters were obtained by a fit to binned data. To esti-
mate the systematic uncertainty arising from different binning, the analy-
sis has been remade with varying bin numbers. More bins provide more
data points for the fit but with higher errors due to lower statistics in each
108
zenith angle [deg]














Figure 5.22: Zenith angle variations. The plot shows the normalised















































Figure 5.23: Systematic studies of the spectral parameters. The
figures show the spectrum shown in Fig. 5.9 with different numbers of bins
(left panel 9 bins, right panel 6 bins). The error bars denote ±1 σ statistical
errors, the arrows represent 99.9% C.L. upper limits. The lines are the results
of power law fits to the data with χ2/ndf = 30.2/5 (left panel) and 2.9/2
(right panel). The upper limits were not included in the fits.
bin. On the other hand, less bins reduce the errors in each bin but pro-
viding less data points for the fit. The bin size is always larger than the
energy resolution of ≈ 20%. Two cases of different binnings are shown in
Fig. 5.23. It can be seen that in case of less bins (right panel) the data is
better described by the fit. For 5 different binnings (including that shown
in Fig. 5.9) the flux normalisation varied between 1.2× 10−11 TeV−1cm−2s−1
and 2.4 × 10−11 TeV−1cm−2s−1 with an RMS of 0.4 × 10−11 TeV−1cm−2s−1
or 25% with respect to the mean. The spectral index varied between 2.0
and 2.3 with an RMS of 0.1. The integral flux above 1 TeV varied between
1.1×10−11 cm−2s−1 and 1.9×10−11 cm−2s−1 with a RMS of 0.3×10−11 cm−2s−1
or 20% with respect to the mean value. These systematic uncertainties will
be included in the estimation of the final systematic uncertainties in sec-
tion 5.8.6.
5.8.4 Alternative Simulations
The analysis presented in this work was carried out using simulations of
Cherenkov light propagating through an atmosphere typical for deserts. This
atmospheric model is used in the standard analysis of all H.E.S.S. data.
The observations of RXJ0852.0−4622 were carried out during the raining
110
number of on-source events 2235
number of off-source events 2379
off-source scaling factor α 0.671
number off excess events 640± 60
significance 11.4 σ
live time (on) [s] 11368
γ-ray rate [min−1] 3.4± 0.3




ϕ1TeV [10−11 TeV−1cm−2s−1] 2.2± 0.2
Γ 2.2± 0.1
Φ(E > 1 TeV) [10−11 cm−2s−1] 1.8± 0.2
χ2/ndf 6.4/4




season in Namibia and a desert atmosphere might not be appropriate. In an
atmosphere with higher humidity a larger absorption of the Cherenkov light
is expected. In order to investigate the effect of the atmospheric conditions
an alternative analysis has been carried out using γ-ray simulations for a
maritime atmosphere. The simulations affect the lookup tables for the scaled
parameters used in the event selection and the reconstructed energy. The
applied cuts are those of the hard configuration which are summarised in
Table 4.1.
Figure 5.24 shows the radial distribution of the excess obtained with alter-
native simulations. An excess of 640± 60 γ-rays with a significance of 11.4 σ
was obtained. The spatial distribution of the excess is shown in a correlated
sky map in Fig. 5.25 reproducing the morphology obtained with the standard
simulations. The differential photon flux spectrum shown in Fig. 5.26 is fit
with a power law. The obtained results are summarised in Table 5.10 and
agree within statistical errors with the results obtained with the standard
simulations. The uncertainties with respect to the standard analysis (Ta-
ble 5.2) are 0.1 min−1 (3%) on the γ-ray rate, 0.1×10−11 TeV−1cm−2s−1 (5%)
on the flux normalisation, 0.1 on the spectral index and 0.1× 10−11 cm−2s−1
(5%) on the integral flux.
5.8.5 Systematic Error in the Sky Maps
All sky maps presented here are in a Cartesian transformation of right as-
cension and declination. The bins in these sky maps have the same size ∆Dec
and ∆RA along declination and right ascension. This transformation is not
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120 Figure 5.24: Radial dis-
tribution of the excess
obtained with alterna-
tive simulations. The
plot shows the radial dis-
tribution of the excess of
γ-rays as function of the
angular distance from the





















Figure 5.25: Excess sky
map obtained with al-
ternative simulations.
The data are shown in
correlated bins (0.1◦,
white circle). The colour





Φ(E > 1 TeV) 21%
Γ 0.2
Table 5.11: Systematic uncertainties.
area-preserving. The area of each bin is
Abin = ∆Dec ×∆RA · cos(Decbin).
The size of the bins has been chosen such that the area of the bins at the
declination of the centre of the sky map is correct. The ratio of the area of







A graph showing this dependence is pictured in Fig. 5.27. From this effect
arises a systematic error in the generation of the correlated sky map. The
integration of the events in a circle with a radius of 0.1◦ is done on a binned
sky map. The area of the circle is only correct for bins at the same declination
as the centre of the sky map. For bins with higher or lower declination
equation (5.3) must be applied. The systematic error of the integration
area within the sky maps shown here is ±3%. The integration of the test
regions for the entire remnant (section 5.3), the CANGAROO emission region
(section 5.5) and the compact central source (section 5.6) were not done on
a binned sky map, therefore the error discussed here does not apply for this
regions.
5.8.6 Systematic Errors
The final systematic uncertainties were obtained as the quadratic sum of the
individual uncertainties discussed in the last sections. The error on the γ-ray
rate was estimated from the variations of the zenith angle of the background,
from the use of an alternative background and the use of a different atmo-
spheric model in the simulations. The errors on the spectral parameters were
estimated from use of an alternative background and a different atmospheric
model in the simulations. Additional errors on the spectral parameters arise
from variations of the bin size in the differential energy spectrum. The final
systematic uncertainties are summarised in Table 5.11.
The systematic error on the integral flux can be calculated from the sys-



























error bars denote ±1 σ
statistical errors. The line
is the result of a power
law fit to the data with
χ2/ndf = 6.4/4.
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Figure 5.27: Systematic er-
ror on the areas in the sky
maps. The graph shows the
ratio of the area of a sky bin
to the area of a sky bin at the
centre of the sky maps (Dec
= 44◦22′) as a function of the
declination.
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errors of the spectral fit parameters. Both calculations give the same sys-
tematic error of 21%.
Due to the not area conserving transformation the sky maps contain a
systematic error of ±3% depending on the declination. This error does not
affect the systematic uncertainties of the flux and the spectral parameters
shown in Table 5.11.
5.9 Discussion
RXJ0852.0−4622 was observed with H.E.S.S. in February 2004 for 4.5 h. In
this data set, a strong signal of γ-rays at a rate of 3.5± 0.3stat± 0.2syst min−1
with a significance of 11.9 σ was found. RXJ0852.0−4622 is confirmed to be
a γ-ray emitter.
A spectral analysis of the γ-ray excess shows that the differential photon









The integral photon flux above 1 TeV is calculated to be
Φ(E > 1 TeV) = (1.9± 0.2stat ± 0.4syst)× 10−11cm−2s−1.
This is at the level of the Crab flux which makes RXJ0852.0−4622 one of
the brightest γ-ray sources in the sky.
The γ-ray emission region of RXJ0852.0−4622 is found to be clearly
extended. Therefore, RXJ0852.0−4622 is the second extended SNR which
can be resolved at VHE γ-rays following the detection of RXJ1713.7−3946
[AAA+04b]. The γ-ray emission region of RXJ0852.0−4622 is roughly a ring-
like structure with a diameter of ≈ 2◦. Significant emission comes from the
northern, north-western, western and south-eastern part of the rim, whereof
the north-western part is the brightest. The morphology of the γ-ray and
X-ray emissions are clearly correlated. Correlation coefficients of 0.65+0.06−0.07
with ROSAT data and 0.61+0.08−0.10 with ASCA data have been found. This
suggests that the X-ray and γ-ray emission originate from the same emission
regions.
The resolution of the morphology allows to investigate parts of the rem-
nant. The brightest emission region is the north-western part, coincident
with the maximum of the X-ray emission and target of the high resolution
observations by XMM-Newton and Chandra [IAB+05, BYH05]. It is also


























tial photon flux spec-
trum of the CANGA-
ROO emission region.
The black data points
are the H.E.S.S. measure-
ment. The error bars
are ±1 σ statistical er-
rors. The blue line rep-
resents the result of a fit
of a power law to the
data. The red points are
the CANGAROO mea-
surement [KEK+05]. The
arrows denote 2 σ upper
limits. The green region
is the uncertainty of the
CANGAROO fit.
detection of the γ-rays from the CANGAROO region can be confirmed with
4.9 σ. The integral flux above 1 TeV is at the level of 11% of the Crab flux
confirming the CANGAROO result of 12% of the Crab Nebula published
by (author?) [KEK+05]. A power law fit to the CANGAROO data points
yields an integral flux above 1TeV of (1.2 ± 1.1) × 10−12 cm−2s−1. Within
statistical errors this result agrees well with the integral flux measured with
H.E.S.S. Figure 5.28 shows the data points of the differential photon flux
spectra of CANGAROO and H.E.S.S. (author?) [KEK+05] derive a power-
law index of 4.3+4.4−1.7 from their data which is apparently a steeper spectrum
than the H.E.S.S. result presented here (spectral index 2.3± 0.3). However,
given the large uncertainty of the CANGAROO measurement the difference
between the two values is on a level of 1.2 σ where only statistical errors are
taken into account. (author?) [KEK+05] give a confidence region of the
CANGAROO measurement by the range were the χ2 of the fit is less than
χ2min + 1. This confidence region, indicated by the green region in Fig. 5.28,
is consistent with the H.E.S.S. data.
A search for a possible emission of γ-rays from the compact central X-
ray source AXJ0851.9−4617.4 has been performed. No significant emission
has been found. The upper limit on the integral photon flux above 1 TeV is
calculated to be Φ(E > 1 TeV) < 1.1× 10−12cm−2s−1 at a 99.9% confidence
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level. This is at a level of 6% of the Crab flux above this energy. To confirm
the observed flux with a significance of 5 σ a total observation time of 39 h
would be needed.
Given the high flux and large extension of RXJ0852.0−4622 it is a prime
candidate for further deep observations. A detailed discussion of the mea-
surements presented here with respect to the source particles responsible for




It was shown in the last chapter that γ-rays from the RXJ0852.0−4622 su-
pernova remnant were detected with high significance. Therefore, following
the detection by CANGAROO [KEK+05], RXJ0852.0−4622 can be estab-
lished as a γ-ray emitter. In this chapter the observational results will be
discussed with respect to the parent particles producing the γ-rays.
6.1 Morphology
In Fig. 5.10 of the last chapter the spatial distribution of the γ-rays is shown.
Even though the low statistics do not allow to discuss details of the morphol-
ogy, the γ-ray emission seems to form a ring-like structure with almost no
emission from the projected inner parts of the remnant. If the emission would
come uniformly from the entire remnant including the interior one would ex-
pect to see a disc with the centre being the brightest part. Thus, it can be
ruled out that the emission originates from the interior of the remnant. If the
emission comes only from a thin shell one would expect the lowest emission
from the projected centre where the line of sight passes only a small fraction
of the emitting shell. Most of the emission is expected at the projected rim
where the line of sight passes much more of the emitting material. Thus,
the ring-like structure suggests that the γ-rays originate from the shell of
the supernova remnant, indicating that they are produced by particles which
were accelerated in the shock front of the expanding supernova remnant.
A high correlation of the γ-ray emission with X-ray emission has been
shown (see Fig. 5.12 and section 5.4.1) on an angular scale of about 0.3◦.
Due to the poorer angular resolution of H.E.S.S. (0.1◦) compared to X-ray
experiments (≈ 0.5′′) it cannot be proved if the γ-ray emission has the same
filamentary structure as in X-rays (shown in Fig. 2.3 and 2.4). However, the
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good correlation between γ-ray and X-ray morphology suggests that both
emissions are produced in the same region — the shell of the supernova
remnant.
6.2 The Energy Spectrum
The observed γ-rays from the entire supernova remnant follow a power law
in energy, with a spectral index of 2.1.
The low statistics of the measurement do not allow to draw conclusions
on possible deviations from a power law. A steepening of the spectrum to
higher energies is expected for a source population with a certain maximum
energy. Further observations are needed to test for a cut-off in the observed
γ-ray spectrum.
6.3 Acceleration Mechanisms
The observed γ-rays are produced by source particles of non-thermal en-
ergy distribution. Diffusive Shock Acceleration (see section 3.5) is a powerful
mechanism of accelerating particles in the shock fronts of supernova rem-
nants. Two scenarios have to be distinguished, the acceleration of electrons
or protons. In the following sections it will be discussed if these mechanisms
could explain the observed γ-ray radiation.
6.3.1 Electronic Scenario
X-ray Emission and Synchrotron Radiation
X-ray emission from the shell of RXJ0852.0−4622 with energies between
0.5 and 10 keV was observed with the ASCA satellite [SHE+01]. This emis-
sion can be explained as synchrotron emission of electrons. Using equa-
tion (3.26) one can estimate the energy of the electrons which are emitting
the synchrotron radiation. This is shown in Fig. 6.1 for various magnetic field
strengths. Based on the width of the X-ray filaments in the north-western
part of RXJ0852.0−4622 (see Fig. 2.4) a magnetic field in this region of
≈ 500 µG is discussed [BYH05]. From the widths of the shells of other su-
pernova remnants (author?) [VBK05] calculated magnetic fields between
100 and 500 µG. It can be seen in Fig. 6.1 that magnetic fields in the order
of several hundred µG require electron energies of several tens of TeV in order
to describe the observed X-ray emission as synchrotron radiation. Electron

























comparable to the interstellar magnetic field. The observation of synchrotron
emission is evidence for the acceleration of electrons up to energies of more
than 10TeV.
Inverse Compton Radiation
These high energy electrons undergo inverse Compton scattering, mainly on
the cosmic microwave background. From equation (3.38) one can estimate
the energy range in which the inverse Compton radiation of these electrons
can be expected. For magnetic fields of several hundred µG inverse Compton
radiation is expected at energies around 1 to 10TeV, the energy range where
γ-rays were observed with H.E.S.S. It will be now discussed if the observed γ-
ray emission could be explained as being inverse Compton radiation of these
high energy electrons.
Assuming that both inverse Compton radiation and synchrotron radia-
tion are emitted isotropically one can use equation (3.37) to estimate the
inverse Compton flux at Earth. The observed energy flux in X-rays from the
entire remnant was measured with ASCA to be wX = 9.9×10−11 erg cm−2 s−1
[SHE+01]1. This value is shown in Fig. 6.2. The width of the line indicates
the energy range of the measurement. Using equation (3.37) one can estimate
the expected energy flux from inverse Compton scattering on the cosmic mi-
crowave background. These estimations are shown in Fig. 6.2 for various
magnetic fields. Assuming a magnetic field of 300 µG one can directly com-
1Note, that in the original paper no uncertainty of this measurement is given and that
the measurement does not cover the entire region covered by the H.E.S.S. measurement.
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Figure 6.2: Emission of electrons. The plot shows the energy flux as a
function of the photon energy as measured by H.E.S.S. and ASCA. The blue
lines denote the energy flux expected from inverse Compton scattering for
several magnetic fields. The green points denote the expected energy flux
due to bremsstrahlung produced by 10 TeV electrons. The statistical and
systematic uncertainties of the H.E.S.S. energy flux are denoted by the black
and red error bars, respectively. The horizontal widths of the data points
denote the covered energy range.
121
pare the synchrotron emission between 0.5 and 10 keV and the γ-ray emission
between 0.5 and 10 TeV (see eq. 3.38). It can be seen that for B = 300 µG
an energy flux of wγ(0.5−10 TeV) ≈ 10−14 erg cm−2 s−1 is expected. The ob-
served energy flux in γ-rays can be calculated from the power law spectrum










= (9± 1stat ± 2syst)× 10−11 erg cm−2 s−1,
which is shown in Fig. 6.2. The horizontal width of the data point denotes
the range of the energy spectrum, 0.5 to 10 TeV. It can be seen that this flux
is much higher than expected from inverse Compton scattering.
A much lower magnetic field of ≈ 3 µG, comparable to the interstellar
magnetic field, could explain such a high inverse Compton flux. From equa-
tion (3.38) it can be seen that the inverse Compton radiation of the electrons
would show up at photon energies between 50 and 1000 TeV. Thus, this as-
sumption can be tested with further data to be taken which would extend
the photon spectrum to several tens of TeV.
The high inverse Compton flux can also be explained if the energy loss
is much higher than assumed. A higher energy density in the photon field is
necessary to make the inverse Compton scattering more efficient (eq. 3.31).










For a magnetic field of 300 µG this would require 2250 eV cm−3 which is
almost four orders of magnitude larger than the energy density in the cosmic
microwave background (eq. 3.32). Candidates for further radiation fields
are the infrared background and star light background. These background
photon fields are not uniformly distributed in the universe like the cosmic
microwave background. Therefore, their energy densities are not easy to
estimate. However, the required energy density is too high to be explained
by these backgrounds. Additionally, the inverse Compton scattering on these
photons is in the Klein-Nishina regime (eq. 3.29) and the energy loss is less
efficient.
Bremsstrahlung
Another energy loss mechanism for electrons is bremsstrahlung. Based on the
assumption that the X-ray emission is synchrotron radiation in a magnetic
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field of 300 µG, the energy of the electrons was estimated to be at least
10 TeV. These electrons would emit bremsstrahlung photons with a mean
energy of ≈ 3 TeV. Using equation (3.35) one can estimate the energy loss
due to bremsstrahlung compared to inverse Compton scattering on the cosmic
microwave background. This relation depends on the electron energy for
which 10TeV will be assumed. For this assumption the expected energy flux







In Fig. 6.2 the bremsstrahlung energy flux expected from 10TeV electrons and
various densities of the interstellar material is shown. It can be seen that the
inverse Compton scattering is much more efficient than the bremsstrahlung
process. Therefore, the bremsstrahlung radiation can be neglected.
Summary
The observed synchrotron emission is evidence for the acceleration of elec-
trons. These electrons undergo inverse Compton scattering on the cosmic
microwave background producing γ-rays. From the synchrotron energy flux
the expected inverse Compton radiation was estimated. It could be shown
that the observed energy flux in γ-rays is three to four orders of magni-
tude higher than expected. Therefore, the observations can only partly be
explained as being inverse Compton emission of accelerated electrons. It is
likely that another radiation component contributes significantly to the γ-ray
flux.
6.3.2 Hadronic Scenario
Another possible population of source particles capable of γ-ray production
are protons which were accelerated in the shock front. These protons can
undergo nuclear interactions with the ambient interstellar matter producing
π0 mesons. These mesons decay into γ-ray photons. Let us assume that the
measured γ-ray flux is entirely due to π0-decay produced in nuclear inter-
actions. It has been shown in section 3.6.1 that these protons must have
energies between between 5 and 100 TeV in order to produce photons of en-
ergies between 0.5 and 10 TeV. Further on it was discussed that the γ-ray
spectrum reflects the shape of the initial proton spectrum. Thus, protons
with energies between 5 and 100TeV following a power law with spectral
index 2.1 are required to explain the observed γ-ray flux. The spectral index
of about 2 suggests that these protons are accelerated by Diffusive Shock
Acceleration in the shock front of the supernova remnant.
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Assuming that the γ-rays are emitted isotropically by the supernova rem-
nant one can calculate from the γ-ray energy flux of wγ ≈ 10−10 erg cm−2 s−1
the total γ-ray luminosity due to π0-decay:
Lγ = 4πd
2wγ,
where d is the distance of the observer to the supernova remnant. With
equation (3.17) one can calculate the energy in protons which is required to
produce the observed γ-ray flux:









10−10 erg cm−2 s−1
)
erg.
For this calculation the knowledge of the density of the interstellar matter
and the distance to the supernova remnant is required. For a density of
1 cm−3 and a distance of 200 pc an energy in protons of ≈ 1048 erg is required
which could easily be provided by a supernova remnant with a kinetic energy
of 1051 erg.
Before the effects of the density and distance on the energy estimate are
discussed the total energy in accelerated protons will be calculated. The
observed γ-rays reflect only a part of the proton population. Assuming that
the proton population follows a power law with spectral index 2.1 down to
an energy of 1GeV (the rest mass of the proton) one can estimate the total
energy in the proton population between 1 GeV and 100 TeV to be
Wtot = W (1 GeV − 100 TeV) = 2.6Wp(5− 100 TeV).
The total energy in protons as a function of the distance to the supernova
remnant is shown in Fig. 6.3. Several estimates for the density of the inter-
stellar material are denoted by the lines. From X-ray observations the density
of the ambient material surrounding RXJ0852.0−4622 was estimated to be
0.6(d/200 pc)−0.5 cm−3 [AIS99] or to be 0.9(d/200 pc)−0.5 cm−3 [TMA+00],
depending on the distance d to the SNR. In addition, curves for a density
of 1 cm−3, a low density of 0.1 cm−3 and a relatively high density of 10 cm−3
are shown to illustrate the range of possible densities. The various distance
estimates are illustrated by shaded areas and black lines. It can be seen that
for small distances and low densities the total amount of energy in protons is
in the order of several percent up to 30% of the kinetic energy of supernovae
(∼ 1051 erg). In these cases RXJ0852.0−4622 would be an efficient acceler-
ator of protons and could contribute to the cosmic ray production. Higher
densities of the interstellar medium would make the energy loss process more
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Figure 6.3: The total energy in protons. The plot shows the total energy
in protons in units of 1051 erg as function of the distance to the SNR. The
green lines denote the density of the interstellar medium as inferred from X-
ray observations [AIS99, TMA+00], the blue lines denote fixed densities. The
shaded areas represent the distance estimates by (author?) [BYH05] (red)
and (author?) [SHE+01] (yellow). The distance of 200 pc [ISB+98, AIS99]
is denoted by the dashed black line. The upper limit of (author?) [AIS99]
is represented by the dot-dashed black line and the arrow.
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efficient. Thus, the transfer of only a small fraction of the kinetic energy
of the supernova remnant to the accelerated protons would be required to
explain the observed energy flux in γ-rays.
On the other hand, much larger distances to RXJ0852.0−4622 are dis-
cussed by (author?) [SHE+01]. For such large distances the low densi-
ties of the interstellar medium discussed by (author?) [AIS99] and (au-
thor?) [TMA+00] would require more energy than the supernova can pro-
vide. Hence, a combination of a large distance and interaction with inter-
stellar material of low density cannot explain the observed γ-rays as the
result of accelerated protons. A large distance of several kpc would place
RXJ0852.0−4622 near the Vela Molecular Ridge, a cloud of dense molecular
hydrogen. If the supernova remnant is interacting with a cloud of denser
material then the energy loss would be more efficient and only a fraction of
the kinetic energy of the supernova needs to be transferred to accelerated
protons. For densities of more than 10 cm−3 the energy loss becomes very
efficient and only a small fraction of the kinetic energy of the supernova is
required to be transferred to protons.
Obviously, the distance to the supernova remnant and the density of the
ambient interstellar medium are crucial ingredients in the interpretation of
the observation with respect to the acceleration of protons. However, it can
be seen that for certain combinations of assumed distances and densities the
supernova remnant could indeed deliver the required energy to explain the
observed γ-ray flux as originating from the interaction of accelerated protons
with ambient material.
6.4 Conclusion
The observation of non-thermal radiation from the shell of the RXJ0852.0
−4622 supernova remnant in X-rays and γ-rays is evidence for the accel-
eration of charged particles in the shell. A final conclusion on the type of
accelerated particles cannot be drawn yet. The synchrotron emission in X-
ray is evidence for the acceleration of electrons. The interaction of these
electrons with the cosmic microwave background results in the emission of γ-
rays. However, the γ-ray radiation expected from inverse Compton scattering
of electrons is far too low to explain the observed flux. Thus, it is likely that
another mechanism contributes to the γ-ray emission of RXJ0852.0−4622.
Interpreting the observed γ-ray flux as originating from accelerated protons
the total amount of energy in protons was estimated. For a wide range of
distances to the supernova remnant and the density of the interstellar mate-
rial this energy makes up a fraction of several percent of the assumed kinetic
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energy of the supernova. According to the estimation laid out in section 1.3,
the transfer of several percent of the supernova remnant’s kinetic energy to
the acceleration of protons is required if supernova remnants are the sources
of galactic cosmic rays. Thus, RXJ0852.0−4622 is a good candidate for
contributing to the acceleration of cosmic rays.
6.5 Outlook
As no final conclusion on the particles generating the observed γ-ray flux can
be drawn yet, further observations and studies are needed.
This work provided a spectrum of the γ-ray emission with photon energies
between 0.5 and 10TeV. A spectrum over a larger energy range would allow
to distinguish the emission processes using the spectral shape of the emission.
The analysis presented here required a hard cut on the image intensities
for background suppression. This cut resulted in a high energy threshold.
Improved background suppression methods would avoid this hard cut and
would extend the spectrum to lower energies of about 100 GeV. The H.E.S.S.
array will be upgraded with one telescope with roughly 600 m2 mirror area
and a camera field of view of 3.5◦. This H.E.S.S.–II telescope, operational in
2008, will reduce the energy threshold to ≈ 20 GeV [P.05].
A further extension of the spectrum to lower energies will be provided
by the GLAST satellite [GLA05] which will start its observations in 2007.
GLAST is dedicated to the observation of γ-rays in the range between 20 MeV
and 300 GeV with angular resolutions of < 3.5◦ (at 100 MeV) and < 0.15◦
(at more than 10 GeV).
The detection of a steepening and a cut-off of the photon spectrum at
higher energies would allow to draw conclusions on the maximum energy of
the accelerated particles. An extension of the spectrum to higher energies
of several tens of TeV can be achieved with further observations at high
zenith angles. Further observations would also reduce the uncertainties of the
spectral points and would provide a more accurate spectrum. Additionally,
data with higher statistic would allow detailed studies of the morphology. In
addition to the spatial distribution of the γ-ray emission, differences in the
spectral shape at different points of the shell could be investigated.
The discussion of the emission processes in this work is based on very
rough estimations which did not take the spectrum of the source particles into
account. Additionally, it is likely that the accelerated particles already lose
energy during the acceleration process. Thus, the different energy loss pro-
cesses cannot be discussed independently. Simulations of the acceleration and
energy loss processes could provide models for the multi-wavelength emission
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of the supernova remnant which can be fit to the observational data. This
work was already performed for the supernova remnant RXJ1713.7−3946
[AAB+05c]. The shell-type supernova remnant RXJ1713.7−3946 is the first
source for which an extended γ-ray morphology was observed [AAA+04b].
For the interpretation of the γ-ray emission as the emission of accelerated
protons the density of the interstellar material is important. The supernova
remnant could expand into almost empty interstellar space with a very low
density of material or can interact with clouds of high densities. A candidate
for interaction with RXJ0852.0−4622 is the Vela Molecular Ridge (VMR).
The VMR is a molecular cloud which consists mainly of hydrogen. Such
clouds also contain carbon monoxide (CO) the emission of which can be de-
tected at radio wavelengths [see e.g. MYO+01]. A correlation of CO emission
and γ-ray emission would be a sign for interaction of the supernova remnant’s
shell with the molecular cloud and emission of γ-rays due to bremsstrahlung
of electrons and interaction of protons. An interaction of only certain parts of
the remnant with the cloud could also explain the non-uniform synchrotron
and γ-ray emission.
The discussion presented here makes RXJ0852.0−4622 a good candidate





Shell-type supernova remnants are believed to be a main source of galactic
cosmic rays. The expanding shells of these supernova remnants can accelerate
charged particles to very high energies. The hypothesis that protons are ac-
celerated can be tested with the observations of γ-rays originating from strong
interactions of these protons with the interstellar material. RXJ0852.0−4622
is a shell-type supernova remnant discovered in X-rays in 1998. Observations
of γ-rays from this supernova remnant were carried out with the H.E.S.S.
telescope system in the beginning of 2004.
H.E.S.S. is a system of four imaging Cherenkov telescopes. With its
good sensitivity and large field of view it is the ideal instrument to observe
extended sources in γ-rays with energies between 100 GeV and several tens
of TeV. The experimental setup and the analysis chain which was used in
this work has been verified using observations of the Crab Nebula. The Crab
Nebula, the standard candle in TeV astronomy, could be detected with very
high significance and the reconstructed energy spectrum and position are in
good agreement with previous measurements.
Emission of γ-rays from RXJ0852.0−4622 was detected with H.E.S.S.
with a significance of 12 σ. The energy spectrum of the γ-rays was recon-
structed in the range between 0.5 and 10 TeV. It follows a power law with a
spectral index of 2.1± 0.1stat± 0.2syst. The integral photon flux above 1TeV
is found to be (1.9± 0.2stat± 0.4syst)× 10−11 cm−2s−1, which is at the level of
the flux from the Crab Nebula at these energies. The energy flux in photons
between 0.5 and 10 TeV is (9± 1stat ± 2syst)× 10−11 erg cm−2 s−1.
The spatial distribution of the emission suggests that the emission region
is roughly a shell-like structure, with brightening of the northern, north-
western, western and southern part of the shell. Following the detection of
RXJ1713.7−3946 with H.E.S.S.in 2004, RXJ0852.0−4622 is the second su-
pernova remnant of which an extended γ-ray morphology could be detected.
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The brightest part is the north-western part, coincident with the brightest X-
ray emission and the detection by CANGAROO. The morphology was found
to be correlated with the emission in X-rays. This suggests that both emis-
sions are produced in the same regions. As the X-ray emission is synchrotron
radiation from electrons accelerated in the shock front of the expanding shell,
it is concluded that the γ-rays also originate from the shock front of the shell.
Two γ-ray emission scenarios have been discussed. The synchrotron emis-
sion in X-rays is produced by accelerated electrons with energies in the order
of 10 TeV. These electrons interact with the photons of the cosmic microwave
background via inverse Compton scattering producing γ-rays. From the ob-
served synchrotron energy flux the energy flux to be expected from inverse
Compton scattering was estimated. The observed energy flux in γ-rays is too
high to be explained solely by inverse Compton emission. Bremsstrahlung
was found to be less efficient than inverse Compton scattering and can there-
fore not explain the high γ-ray flux. Hence, it is likely that another radiation
component contributes to the γ-ray emission.
Accelerated protons can produce γ-rays in strong interactions with the
ambient interstellar material. From the observed γ-ray flux the total energy
in protons was estimated. Crucial parameters in this estimation are the
distance to the supernova remnant and the density of the interstellar medium.
These parameters are currently under discussion in the literature. It could
be shown for a wide range of both parameters that the supernova remnant
can provide the energy in protons required to produce the observed γ-rays.
Depending on these parameters, the transfer of 1% up to 30% of the kinetic
energy kinetic energy of the supernova remnant to the acceleration of protons
is required to explain the observed energy flux. Thus, RXJ0852.0−4622 is
indeed a candidate for acceleration of cosmic rays.
The conclusions of this work encourage further studies of RX J0852.0
−4622 to establish it as accelerator of cosmic rays. It is required to extend
the γ-ray spectrum to both lower and higher energies. This can be achieved
with further observations with H.E.S.S. These observations could reveal de-
viations from the power law spectrum providing more information on the
underlying photon production mechanism. Further on, the morphology of
the emission region and differences in the photon spectrum over the remnant
can be investigated in detail. The future upgrade of H.E.S.S. and the start
of new experiments will allow to further extend the energy spectrum to lower
energies.
The work presented here marks only the beginning of detailed γ-ray ob-
servations and studies of RXJ0852.0−4622. The detection of extended mor-
phologies of supernova remnants with H.E.S.S. is a milestone in the search
for the sources of the cosmic rays. The observation of shell-type supernova
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remnants in γ-rays could finally bring the evidence that these supernova
remnants contribute to the acceleration of cosmic rays.
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run no. wobble offset live time [s] ZA BG regions
23304 +0.5◦ Dec 1541 52.4◦ 1
23309 −0.5◦ Dec 1585 48.3◦ 1
23310 +0.5◦ Dec 1594 50.2◦ 1
23526 +0.54◦ RA 1574 46.3◦ 1
23544 −0.54◦ RA 1580 48.8◦ 1
23545 +0.5◦ Dec 1577 46.3◦ 1
23546 −0.5◦ Dec 888 46.0◦ 1
23547 +1.62◦ RA 879 44.8◦ 1
23559 −0.54◦ RA 1578 45.4◦ 9
23577 −0.54◦ RA 1575 45.3◦ 1
23579 −1.62◦ RA 910 47.3◦ 1
23592 −0.5◦ RA 1581 47.8◦ 9
23593 −0.5◦ Dec 1582 46.2◦ 1
23608 −0.5◦ Dec 1594 49.3◦ 1
23642 +0.5◦ Dec 1585 51.1◦ 1
23662 −0.5◦ Dec 1565 46.0◦ 1
23663 −0.5◦ Dec 1568 46.4◦ 1
Table A.1: Run parameters of the Crab data set. The table summarises
the run number, wobble offset, live time, mean zenith angle (ZA) and the
number of background regions.
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run no. wobble offset live time [s] ZA
18928 +0.5◦ Dec 1461 22.8◦
18929 −0.5◦ Dec 1445 24.7◦
18947 +0.5◦ Dec 1465 22.8◦
18948 −0.5◦ Dec 1434 24.1◦
18949 +0.5◦ Dec 1117 25.4◦
18994 +0.5◦ Dec 1484 22.9◦
18995 −0.5◦ Dec 1463 25.3◦
18996 +0.5◦ Dec 1499 27.6◦





the run numbers, wobble
offsets, live times and
mean zenith angles (ZA)
of the data set.
run no. obs. pos. live time [s] ZA
20348 2 1502 19.8◦
20420 2 1503 19.1◦
20946 2 1524 18.0◦
21010 2 1548 33.7◦
21020 2 1548 34.8◦
21128 2 1556 21.3◦
21140 1 1564 32.9◦
21143 1 1544 19.1◦
21159 1 1560 32.8◦
21162 1 1540 19.1◦
21193 2 1558 29.0◦




The table summarises the
run numbers, observa-
tion positions, live times
and mean zenith angles
(ZA). The observation
positions are position 1
(RA 16h43m33.s59, Dec
−39◦45′44”) and position
2 (RA 17h43m33.s59, Dec
−39◦45′44”).
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data set. These runs
were taken at the Vela
pulsar. The observation
position is (RA 8h35m21s,
Dec −44◦40′30′′). The
table summarises the run
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